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ABSTRACT 
DIVALENT CATION- AND CHOLESTEROL-INDUCED 
PERTURBATION IN PIP2 LATERAL ORGANIZATION IN MODEL 
MEMBRANES - CLUSTER FORMATION, PHASE PARTITIONING, 
AND PIP2-PROTEIN INTERACTIONS 
 
Yu-Hsiu Wang 
Dr. Paul A. Janmey 
The physiological importance of polyphosphoinositides (PPI), and especially 
phosphatidylinositol 4,5-bisphosphate (PIP2), has been documented in numerous reports. 
As large number of proteins bind PIP2 but much more is known about the biochemical 
interactions between PIP2 and purified proteins in vitro than about the mechanisms of 
dynamic local regulation of PIP2-protein interactions inside a cell. A major challenge in 
understanding how PIP2 function in vivo is to define its physical state and lateral 
organization in cell membranes. In this dissertation, the hypothesis that PIP2 forms nano-
sized clusters in the presence of intracellular divalent cations by electrostatic interactions 
was examined in model membranes with or without cholesterol-mediated phase 
segregation. After defining the conditions under which PIP2 alters its distribution in lipid 
bilayers under the influence of divalent counterions or cholesterol-dependent phase 
transitions, additional studies show how such membrane reorganization alters the effects 
of PIP2 on the target proteins gelsolin and DrrA. 
Comparison between experimental and numerical phase diagrams suggests that a 
simplified electrostatic model can predict Ca2+-driven formation of PIP2 clusters, but 
cannot account for the difference between Ca2+ and Mg2+ in condensing PIP2-containing 
 iv 
membranes. Differences among Ca2+, Mg2+ and multivalent polyamines in membrane 
condensing were revealed experimentally and related to differences in their dehydration 
enthalpies. Ca2+-induced perturbation of PPI-protein interactions was assayed by 
monolayer insertion studies using a PI(4)P-binding protein, DrrA. Taking advantage of 
its unique biphasic effect on monolayer surface pressure, in which specific insertion can 
be isolated from non-specific adsorption, we show that Ca2+ suppresses the specific 
insertion of DrrA in a concentration-dependent manner. The perturbation of PIP2-protein 
interactions induced by cholesterol-mediated phase segregation was probed by measuring 
the inhibition of gelsolin's actin filament severing activity by PIP2-containing vesicles. 
Cholesterol-mediated phase segregation enhances the inhibition of gelsolin by PIP2, and 
this effect correlates with changes in membrane ordering. This result suggests that PIP2-
protein interaction depends not only on global PIP2 concentrations but also on PIP2 lateral 
distribution without changes in lipid synthesis/degradation. The results of this work shed 
light on the links between PIP2 signaling and dynamic local response at the cell 
membrane/cytoskeletal interface. 
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Chapter 1 - Background and Significancea 
 
1-1 Introduction to Lateral Lipid Heterogeneity of PIP2 in Biological Contexts  
The interface between the intracellular and extracellular environment, mediated by the 
cell’s plasma membrane is a crucial site at which signals are generated by chemical 
stimuli, application of force, or formation of cell-cell and cell-matrix contacts. The 
signaling pathways often involve a class of multi-anionic phospholipids, 
polyphosphoinositides (PPIs), in the membrane lipid bilayers1-3 (Figure 1-1). PPIs affect 
numerous physiological functions including cytoskeleton remodeling4, ion channel  and 
transporter activation5, peripheral membrane protein  docking6, and vesicle traffic7. The 
most abundant PPI, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2 or simply PIP2) 
which accounts for less than 1 % of total phospholipid,  when immobilized on liposomes 
or beads binds nearly 280 intracellular proteins8 but in vivo is highly selective in binding 
specific proteins in particular locations and times within the cell.  Much more is known 
about the biochemical interactions of PIP2 with isolated purified proteins than about how 
signaling events are regulated locally by PIP2.  Even the existence of local membrane 
domains enriched in PIP2 is a matter of dispute9 in part  because the strong electrostatic 
repulsions between highly anionic head groups of PIP2 might be expected to prevent its 
specific lateral organization within the lipid bilayer. Consequently, most studies of PIP2-
protein binding treat the lipid essentially as a monomer that is randomly distributed and 
freely diffusible within the bilayer and is constrained only when bound to a protein.10  
                                                
a Parts of this chapter are reproduced with permission from an invited review article: Wang, Y.-H., Slochower D. R., 
Janmey P. A. Counterion-mediated cluster formation by polyphosphoinositides, Chemistry and Physics of Lipids 2013, 
in press. 
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Figure 1-1. Structure of PIP2 
Figure 1-1. Structure of PIP2. (A) MD simulated structure and the corresponding (B) 
chemical structure of PI(4,5)P2. 
A major challenge for understanding how PPIs function in vivo is the sheer 
number of PPI (usually PI(4,5)P2) binding proteins that have been well characterized 
biochemically as specific and high affinity ligands for these lipids.11 The variety of PPI-
binding proteins and the different structures that bind these lipids suggest that specificity 
and control within the cell might be attained by changing the physical state of the lipid 
within the membrane and not only its global concentration. The potential importance of 
an inhomogeneous lateral distribution of PIP2 is supported by several in vitro imaging 
studies12-14 and recent advances in optical microscopy further reveal the formation of PIP2 
nanoclusters in plasma membranes.15-18 Mechanisms have been hypothesized to explain 
the formation of spatially distinct PIP2 pools in either model or plasma membranes. These 
mechanisms which are reviewed elsewhere.9,19,20 include hydrogen bond networking 
through polar lipid head groups21,22; partitioning into cholesterol-rich, raft-like 
domains23,24; partitioning away from cholesterol-rich domains25,26; local production from 
PI(4)P by PI(4)P-5K4,27; electrostatic sequestering10,28; and protein fence models.29,30  
 3 
Among the proposed hypotheses, the protein-based PIP2-sequestering mechanism 
as the result of electrostatic interactions between several neighboring lipids and a 
polybasic protein domain such as that in the MARCKS protein 31,32 or GAP-43 33 has 
been the dominant model for understanding how PPIs could be restricted within 
membrane domains. In this model, the protein is required for PIP2 clustering and serves 
to prevent interaction of PIP2 with other potential protein targets. However other PPI-
binding structures such as PH domains bind and engulf only the headgroup of a single 
PIP2, and unless such PH domain proteins self-aggregate, for which there is little or no 
experimental evidence, the visualization of PIP2 domains by labeled PH domains in both 
nano-sized clusters17,34 and micron-scale cholesterol-dependent domains25 would appear 
to require the formation of the PIP2 domain before the proteins bind. The formation of 
lateral PIP2 aggregates in lamellar membranes, without a need for protein binding, is 
suggested by the following evidence: PIP2 headgroups, unlike those of nearly all other 
phospholipids, can form extensive hydrogen-bonded networks35-38; divalent cations 
reduce the electrostatic repulsion between the anionic PIP2 headgroups and act as bridges 
between two adjacent lipids.25,39,40 The possible self-association of PIP2 to form clusters 
in the absence of PIP2- binding proteins is therefore worth more investigation.  
1-2 Physical Chemical Characterization of PIP2 and Other Polyphosphoinositides  
A lipid fraction isolated from brain and enriched in phospholipids containing inositol 
was isolated at least as far back as 1946 and found to be composed of a large amount of 
diphosphoinositide, the phospholipid now called phosphatidylinositol phosphate41,42.  
This fraction was later found to contain three inositol lipid species that differed in 
phosphate content and from which triphosphoinositide (now called phosphatidylinositol 
 4 
bisphosphate) could be isolated.43-45 The possible isomers of triphosphoinositides were an 
early subject of interest, even before the three different species produced in mammalian 
cells, PI(4,5)P2, PI(3,4)P2 and PI(3,5)P2, were identified,  and in most early studies, these 
lipids are referred to generically as TPI or PIP2. The potential importance of 
phosphoinositides was suggested by the finding that unlike other phospholipids that were 
thought to be mainly structural and that were relatively stable after isolation from the cell, 
the amount of PIP2 that was isolated from cells and tissues depended very strongly on 
preparation details, and the isolated lipids were rapidly degraded or modified by 
enzymes, often in a manner that depended on divalent cations.46-48   
Polyphosphoinositides are among the most highly charged molecules in the cell 
membrane and have often been assumed to be uniformly distributed in the plasma 
membrane due to the electrostatic repulsion between their highly negatively charged head 
groups. These negative charges arise from deprotonated phosphomonoester and 
phosphodiester groups, some of which have pKa’s within a biologically relevant range.  
The ionization state of PIP2 affects its area within the membrane and its interaction with 
proteins and other ligands, and has therefore been the subject of many studies. The pH-
dependent change in the net charge of PPIs has been estimated from the zeta potential of 
PPI-containing multilamellar vesicles as shown in Figure 1-2A.49 Similar electrophoretic 
mobility measurements of PIP2 vesicles in the presence of 100 mM KCl suggest that the 
charge of PIP2 is approximately -3 at pH 7.020,50,51, and that both a proton and a 
potassium ion are likely bound to PIP2 under physiologically realistic conditions.  
 5 
The charge per PIP2 can be calculated from the five pKa values as summarized by 
Levental et al.52 combining the first ionization pKa values of PIP2 from 31P-NMR 
studies53 and second ionization pKa values from phosphatidic acid (PA).54 The charge per 
PIP2 calculated from the pKa’s of isolated lipids in Figure 1-2B suggests that the net 
charge of PIP2 at pH 7.0 is -3.7.  The pH-dependent change in PIP2 ionization has also 
been investigated by 31P-NMR using 5 mol% PIP2 in phosphatidylcholine lipid 
multilamellar suspensions.55 Alternatively, the overall charge of PI(4,5)P2, calculated 
from the degree of protonation on the 4- and 5-phosphate as detected from the chemical 
shifts in 31P-NMR spectra, is approximately  -4.0 in a buffer containing 100 mM NaCl, 2 
mM EDTA and 50 mM Tris at pH7.0 (Figure 1-2 B). This experimental result is 
supported by recent simulations that investigate the most stable conformation of PIP2 at a 
atomic-level. The predominant conformation of PIP2 in isolation seen in Quantum 
Mechanics/Molecular Mechanics (QM/MM) simulations has a proton shared between the 
4- and 5-phosphate groups.56 It is nearly as stable to have a proton bound solely to the 5-
phosphate group, while having a proton bound only to the 4-phosphate group is the least 
stable conformation for a single PIP2 to adopt. 
However, the effective ionization constants and therefore the net charge also depend 
on the surface potential of the membrane, which in turn depends on the fraction of PIP2 in 
the membrane and on its area per molecule. The correlation between the net charge and 
the area per molecule of PIP2 was examined in pure monolayers at different pH values 52. 
A simplified relation between surface pressure and surface charge density, in the limit of 
high surface potential can be expressed as: 
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!! = 2!!! !!                                                    (1) 
with the surface pressure πs proportional to the surface charge density σ.  An equivalent 
equation, which describes a linear relation between area per molecule and charge per 
PIP2, is obtained by re-arranging the above equation with eq.11&12 from the same report, 
and it gives: Σ = !!!!!! !"!! = !!!!"!!                                              (2) 
Here, the area per molecule (Σ) at surface pressure (πs) is linearly related to the charge 
per PIP2  (q), which is the summation of the degrees of deprotonation at all protonation 
sites ( !"!)! . Once the pH-dependent change in area per molecule of PIP2  (Σ) in a pure 
PIP2 monolayer is determined experimentally (Figure 1-2 C), the correlation between 
area per molecule of PIP2  (Σ) and charge per PIP2  (q) can be determined if the charge 
per PIP2 as a function of pH values is known. A linear correlation between measured area 
per molecule of PIP2  (Σ) and charge per PIP2  (q) as shown in Figure 1-2 D, suggests the 
validity of this simple model at high surface potential and that PIP2 with a -4 charge (q= -
4) has a corresponding area per molecule of 90 Å2 at 30 mN/m, which is more than 25 % 
larger than the area per molecule of phosphatidylcholine.57  
A striking effect of the manner in which the ionization state of PIP2 depends on 
surface potential is that the area per molecule increases when ionic strength is increased 
from 10 mM to 250 mM by adding monovalent salt, (Fig. 1-2 C) rather than decreasing, 
as would be expected if the increased salt simply screened out the electrostatic repulsions 
between PIP2 headgroups.52 The expanding effect of monovalent salt is due to the fact 
that decreasing surface potential leads to increased deprotonation of PIP2, and this effect 
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is greater than the effect of salt to lessen the electrostatic repulsion within the plane of the 
membrane, as was pointed out for a similar effect in phosphatidic acid.58 
 
Figure 1-2. pH-dependent change in PIP2 ionization and area per molecule 
Figure 1-2. pH-dependent change in PIP2  ionization and area per molecule. (A) Zeta 
potential of MLVs containing 10 mol% PIP2 or PIP measured at different pH values. (B) 
PIP2 charges are calculated base on 31P-NMR measurements 55 or five pKas at varying pH 
values 52. (C) pH-dependent change and (D) Charges-dependent change of area per 
molecule at 30 mN/m using pure PIP2  monolayer at different salinities. Image (A) is 
adapted from Colloids and Surfaces B: Biointerfaces, 2010, 79, 210-218, Copyright 2010 
and Images (C) and (D) are adapted from Biophysical Journal 2008, 95, 1199-1205, 
Copyright 2008, with permission from Elsevier.  
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1-3 Hydrogen Bond-mediated Self-association of PIP2: Hypothesis and Evidence. 
In the absence of multivalent cations the lateral distribution of PIP2 has been 
proposed to depend on a balance of electrostatic repulsions and attractions caused by 
hydrogen bond networking between PIP2 headgroups. This hypothesis is based in part on 
the finding of two different phase transition temperatures for PPIs by temperature-
dependent infrared spectroscopy. It is further supported by pH-dependent FRET 
measurements investigating the phase partitioning of PIP2 in a PC background (Redfern 
and Gericke, 2004; Redfern and Gericke, 2005). A potential limitation of these first 
FRET studies is the use of short chain fluorescent PPI analogs, whose membrane 
partition coefficients might differ from that of native PIP2 and are subject to changes in 
pH.59 Another spectroscopic study concluded that PIP2 clusters do not form in a binary 
fluidic PC-containing bilayer in the pH range of 4.8–8.4 in the absence of multivalent 
cations, since neither a change in NBD-PIP2 fluorescence intensity or anisotropy, due to 
clustering was observed59,  consistent with the results of a grazing incident X-ray 
scattering study, that also found a homogeneous distribution of PIP2  in DOPC-containing 
bilayers  unless the relative humidity was decreased below 90%.60 
Hydrogen bonding between PIP2 is likely to affect many aspects of its membrane 
distribution with or without counterions.  For example, addition of monovalent salt (as 
shown in Fig. 1-2 C) or non-ionic chaotropes in the subphase of a PIP2-containing 
monolayer leads to an expansion in PIP2 area per molecule, which is attributed in part to 
the disruption of the hydrogen bond network of PIP2.61 The computed PIP2 area per 
molecule in a model membrane at a constant surface pressure is significantly 
overestimated without considering intermolecular attraction (hydrogen bonding).61 These 
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results suggest that the hydrogen bond network reduces the area per molecule of PIP2 by 
holding them together and creating a tighter packing of PIP2 even when PIP2-rich clusters 
are not detectable by fluorescence methods or imaging. 
1-4 Early Investigations of Cation Binding to PIP2 
The interaction of PIP2 with divalent cations was inferred from the finding that the 
addition of 3 mM CaCl2 or MgCl2 essentially eliminated the solubility of PIP2 in the 
aqueous layer formed after addition of water to brain lipids extracted in 
chloroform:methanol (2:1).62 The decreased lipid partitioning into the aqueous layer was 
rationalized by a model in which divalent cations, but not monovalent cations, could 
neutralize the anionic charge of the lipids necessary for its solubility in water. The 
binding of monovalent and divalent cations to single-component phospholipid 
membranes in early studies has been treated by a mass action formulation, taking into 
consideration different stoichiometric ratios of phospholipids and cations assuming that 
divalent cations can bind to phospholipids either in 1:1 or 1:2 ratios.63 While the 1:1 or 
1:2 binding of divalent cations can occur through either parallel or serial kinetic schemes, 
the binding isotherms derived from the two different models are essentially similar 64. 
Therefore a global binding constant, which assumes 1:1 binding stoichiometry, is 
frequently found in the literature. The intrinsic binding constants of Ca2+ and Mg2+ 
binding to PIP2 were determined to be 500 M-1 and 100 M-1, respectively, by measuring 
the electrophoretic mobility of PIP2/PC multilamellar vesicles in the presence of different 
divalent cations, and the intrinsic affinity is calculated based on Poisson-Boltzmann-
based surface potential theory.50 
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The strong interaction of PIP2 with magnesium and calcium was also 
demonstrated by the effects of these ions on ion exchange chromatography of 
phosphoinositides.65 The apparent binding affinity of Ca2+ for PIP2 was reported to be 2-
2.5 fold higher than that of Mg2+ as determined by the partitioning of radioactive 45Ca in 
a PIP2-containing water-methanol-chloroform solution66 or to be 1-1.5 fold higher as 
determined by pH titration in the presence of divalent cations.67 In most initial studies of 
PIP2 binding to divalent cations the PIP2 was in a non-membrane form, and the binding of 
divalent cations to PIP2 was further studied using model membranes50,68 or red cell ghost 
membranes69, and a lipid monolayer of PIP2  showed a 21 fold preference for Ca2+ over 
Mg2+ in cation adsorption as determined by the partitioning of radioactive 45Ca at the air-
water interface.68 These early studies provided strong evidence for an effect of divalent 
cations on the structure, solubility and reactivity of PIP2, and have motivated the studies 
to define the molecular basis and biological effects of divalent cation-mediated 
interactions of PIP2.  
1-5 Ca2+-Mediated PIP2 Cluster Formation in Model Membranes   
The idea that divalent cations could induce cluster formation of anionic lipids was 
recognized in early studies of anionic lipids70, and supported by observations that Ca2+ 
induces the phase segregation of PS as detected by differential scanning calorimetry 
(DSC) 71 or electron spin resonance (ESR).72 An effect of Ca2+ on the macroscopic 
structure of PIP2 aggregates is suggested by the observation that the addition of Ca2+ 
precipitates PIP2 from the aqueous layer in a chloroform-methanol-water system.66,73 In 
the absence of Ca2+, X-ray scattering from purified PIP2 in an aqueous dispersion 
suggests that PIP2 forms spherical particles with a Stokes radius of 39 Å and a packing 
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number of 82.74 Calorimetric studies show that the mixing enthalpy of Ca2+ with an 
aqueous PIP2 dispersion is strongly endothermic, suggesting a Ca2+-induced dehydration 
of PIP2, while the mixing enthalpy of Ca2+ and PS is, in contrast, exothermic.75 The 
endothermic change is attributed to the exclusion of water that penetrates deeply into the 
hydrophobic spaces between PIP2 as a result of neutralization effect of Ca2+ and therefore 
the decreased area per PIP2 molecule.76 A Ca2+-induced change in PIP2 structure in the 
form of either large unilamellar vesicles or PIP2 micelles was proposed to affect its 
interaction with proteins.77,78 More detailed Ca2+--induced structural changes of PIP2 in an 
aqueous dispersion, investigated by small angle X-ray scattering suggest that PIP2 forms 
prolate ellipsoidal micelles at pH 7.2 and that the addition of Ca2+ in a molar ratio smaller 
than Ca2+/PIP2  = 0.70 is sufficient to induce a structural phase transition from prolate 
micelles to disordered lamellae. Such a phase transition can also be induced by Mg2+ at a 
higher concentration, but the transition is not as obvious.79 The morphology of divalent 
cation-induced structural transitions of PIP2 has been imaged by light and electron 
microscopy. The morphology of purified PIP2 in aqueous suspension changes from 6 nm-
diameter micelles into striated fibrils composed of stacks of discoid micelles.80 The 
differences among Mg2+, Ca2+, and Ba2+ in inducing PIP2 aggregation are reflected in the 
diameters of the filaments, which are 19, 12 and 10 nm, respectively, and are correlated 
with the hydrated radii of the cations.81,82  
As a parallel and complementary model of the electrostatic sequestering, the 
hypothesis that Ca2+ triggers and stabilizes the formation of PIP2-rich nanoclusters by 
electrostatic interactions in model membranes is examined in Chapter 3. Divalent cation-
mediated condensation of PIP2 in lipid monolayers is investigated, and the important 
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factors that govern the formation of nanoscale PIP2 clusters in a binary lipid mixture as 
PIP2 interacts with divalent cations are revealed by both experimental and computational 
phase diagrams. These studies reveal that Ca2+ and Mg2+ are very different in inducing 
PIP2-rich cluster formation in both mono- and bilayer membranes although the binding of 
both ions to PIP2 is electrostatically driven and therefore both ions have a similar binding 
affinity. Divalent cation-induced surface pressure change and cluster formation are also 
different from those induced by multivalent polyamines. The mechanism by which these 
cations differ is further examined and discussed in Chapter 4.  
1-6 Ca2+ Perturbs Protein Insertion in Phosphoinositides-containing Monolayers  
The fact that Ca2+ perturbs the lateral organization of PIP2 in model membranes 
leads to another question as shown in the research scheme (Figure 1-3): How is PIP2-
protein interaction affected by the presence of Ca2+-induced clustering of PIP2?  
 
Figure 1-3. Research scheme in investigating the potential feedback loop between PIP2- and Ca
2+-signaling 
Figure 1-3. Research scheme in investigating the potential feedback loop between 
PIP2- and Ca2+ signaling. 
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Recent studies show the relevance of nano-scale PIP2 clusters to critical PIP2-
triggered cellular functions.16,17 Clusters of the SNAP receptor protein syntaxin-1A on the 
plasma membrane83, which are required for neuronal exocytosis, require formation of 
lipid domains with approximately 73 nm diameter, as imaged by STED microscopy, that 
are 80% PIP2 (Fig. 1-4 A&D).17 Similar size distributions of PIP2 nanoclusters in a 
plasma membrane are observed in different cell lines using direct stochastic optical 
reconstruction microscopy (dSTORM) (Figure 1-3 B&E).18 Strikingly, Ca2+ induces PIP2 
clustering with similar size distribution in PIP2-containing model membranes (Figure 1-4 
D&F).84 The cause and effect between PIP2 cluster formations and PIP2-protein 
interactions has not yet been explored. In Chapter 5, we investigate the PPI-protein 
interactions in the absence or presence of Ca2+-induced perturbation using a pathogen-
derived PI(4)P-binding protein, DrrA.  
The Legionella pneumophila effector DrrA, also known as SidM, contains a novel 
PI(4)P binding module, the P4M domain, which has high affinity for PI(4)P.85,86 DrrA is 
a guanine nucleotide exchange factor (GEF) specific for the Rab1 GTPase87-90 and also 
has adenylyl transferase (ATase) activity for several Rab GTPases including Rab1.91 
Rab1 manipulation by DrrA and at least five other L. pneumophila effectors redirects 
vesicular trafficking to the nascent Legionella-containing vacuole (LCV) within infected 
host cells.92,93  
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Figure 1-4. The formation of PIP2 clusters in both cell and model membranes 
Figure 1-4. The formation of PIP2 clusters in both cell and model membranes. (A) 
Nanoscale-resolution STED image of a membrane sheet of PC12 cells immunostained 
with a monoclonal PIP2 antibody and a secondary antibody labeled with Alexa Fluor 488. 
(B) Another PC12 cell imaged using dSTORM with anti-PIP2 antibody directly 
conjugated to Alexa Fluor 647. (C) The formation of PIP2 clusters in supported lipid 
monolayers containing 10 mol% PIP2 in background DOPC at the presence of 1 µM Ca2+. 
Buffer: 10 mM HEPES, 5 mM DTT, pH7.4 at room temperature.) (D)-(F) The 
corresponding size distribution of PIP2-rich clusters from images (A)-(C), respectively. 
Image (A) and (D) are reprinted by permission from Macmillan Publishers Ltd: Nature 
2011, 479, 552-555, copyright 2011. Image (B) and (E) are reprinted from Biology Open: 
Biology Open 2012, 1, 857-862. Image (C), (F) are reprinted with permission from 
Journal of the American Chemical Society, 2012, 134, 3387-3395. Copyright 2012 
American Chemical Society. 
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In Chapter 5, we investigate the structural basis of the highly specific DrrA-
PI(4)P interaction by surface pressure measurements as two important membrane-binding 
motifs of DrrA, the PI(4)P-binding motif (P4M) and membrane insertion motif (MIM), 
are identified based on a co-crystal structure of dibutyl PI(4)P-DrrA complex. Monolayer 
insertion measurements suggest that DrrA exhibits an exceptional two-phase membrane 
insertion. The second phase of DrrA insertion, which happens at a higher surface pressure 
regime  (Π >25 mN/m) and is sensitive to the presence of PI(4)P, relies on both the 
PI(4)P headgroup recognition and the anchoring of the MIM. The second phase of 
insertion is inhibited by Ca2+, and the inhibition strongly correlates with the membrane 
adsorption of Ca2+ to PI(4)P-containing membranes. Together with the crystal structure 
and results from surface plasmon resonance (SPR) and isothermal titration calorimetry 
(ITC) measurements, a detailed structural mechanism for PI(4)P-dependent membrane 
targeting by DrrA is inferred.  
1-7 Manipulating Gelsolin Activities by Perturbing PIP2 Lateral Organization  
PIP2 is involved in many ways in actin cytoskeletal remodeling through its 
interaction with various actin-binding proteins.94-96 Cortical actin reorganization is a 
dynamic process regulated by PIP2 at a global level.97,98 The mechanism by which PIP2 
locally regulates actin assembly remains unclear. Among PIP2-associated actin-
regulating proteins, gelsolin is a well-characterized auto-inhibited protein and is activated 
by Ca2+. Gelsolin affects actin reorganization by severing actin filaments99, capping the 
fast growing ends of actin filaments100, and forming nucleation sites for new actin 
filaments.101 The detailed biochemical functions of gelsolin are reviewed elsewhere.102-107 
PIP2-inhibited activity of gelsolin is extensively studied using pyrene-labeled actin.108 
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The actin-severing activity of gelsolin is strongly affected by the presence of micellar 
PIP2109,110 with a half maximal gelsolin inhibition at 1.7 µM PIP2.110 Early studies using 
PIP2 micelles or SUVs suggest that the sensitivity of gelsolin to PIP2 is subject to the 
physical state of PIP2 in a membrane.109 PIP2-mediated gelsolin inhibition is suppressed 
in the presence of both divalent cation and other lipids; the former induces aggregation of 
PIP2 micelles and latter introduces a different lipid packing geometry. The KD of PIP2 in 
large unilamellar vesicles (LUVs) in binding to gelsolin therefore usually fall out of the 
concentration range in which the interactions are considered physiologically relevant. 
The interactions between gelsolin and PIP2 in a bilayer membrane with different lipid 
lateral organizations have not yet been fully explored. 
In Chapter 6, the gelsolin inhibition is revisited with an actin-severing assay using 
PIP2-containing LUVs. The inhibition of gelsolin is greatly enhanced using LUVs under 
cholesterol-dependent phase-demixed conditions and the inhibition is sensitive to the 
perturbation of PIP2 lateral distribution, which can be achieved either by adding divalent 
cations or changing temperature. Since full-length gelsolin is sensitive to the presence of 
Ca2+, a Ca2+-insensitive N-terminal half of the gelsolin (NtGSN)99,111 is used so that 
divalent cation-induced perturbations of lipid can be studied without direct cation affects 
on protein structure. The findings from our study could improve the understanding of 
links between PIP2 signaling and dynamic local cytoskeletal response of a cell. 
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Chapter 2 - Experimental Design: Materials and Methods 
 
2-1 Lipids and Reagents for Model Membrane Preparation 
Natural PIP2 (porcine brain L-α-phosphatidylinositol-4,5-bisphosphate), synthetic 
PIP2 analogs (dioleoylphosphatidylinositol (x,y)-bisphosphate) and  neutral phospholipids 
such as SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine), DOPC (1,2-dioleoyl-
sn-glycero-3-phosphocholine), DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine), 
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), DOPE (1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine) and fluorescently labeled lipids such as Rho-DOPE 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) 
and TopFluor-cholesterol (23-(dipyrrometheneboron difluoride)-24-norcholesterol) were 
from Avanti (Alabaster, AL). DP-PI(4)P (Dipalmitoylphosphatidylinositol-4-phosphate 
diC16), dibutyl-PI(4)P (dibutanoylphosphatidylinositol 4-phosphate) and both the short-
chained and long-chained fluorescent PIP2 analogs such as BODIPY TMR-PI(4,5)P2 
(C6), BODIPY FL-PI(4,5)P2 (C6), GloPIPs BODIPY TMR-PI(4,5)P2 (C16) and 
GloPIPs BODIPY FL-PI(4,5)P2 (C16) were purchased from Echelon Biosciences (Salt 
Lake City, UT). Laurdan dye was purchased from AnaSpec Inc. (Fremont, CA). Lipids 
were dissolved in chloroform/methanol 2:1 mixed solvent, and the concentrations of 
unlabeled lipid stock solutions were routinely monitored by a phosphorus assay as 
described elsewhere.112 The concentrations of fluorescently labeled lipids were calibrated 
by their fluorescence intensity.   
Subphase reagents 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 
EDTA, CaCl2, MgCl2, NaCl, KCl, sucrose and glucose were purchased from Fisher 
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Scientific (Hampton, NH); other subphase reagents such as ethylenediamine (EDA), 
diethyl-enetriamine (DETA), triethylenetetramine (TETA), ZnCl2 and cholestanol (also 
known as dihydrocholesterol, DChol) were purchased from Sigma-Aldrich (St. Louis, 
MO) and dithiothreitol (DTT) was purchased from Research Product Int. Corp. (Mt. 
Prospect, IL).    
2-2 Ca2+-induced Cluster Formation of PIP2 in Model Membranes 
2-2-1 Experimental Phase Diagram 
The phase separation of PIP2 induced by the presence of Ca2+ was investigated 
using visual analysis of both epifluorescence and atomic force micrographs of binary 
mixed lipid monolayers. The lipid monolayers were prepared in a MicroTroughX 
Langmuir trough (Kibron Inc. Helsinki, FI) which was controlled by the FilmWare 3.57 
software package (Kibron Inc. Helsinki, FI). Monolayer subphases were prepared with 10 
mM HEPES, 1 µM EDTA, and 5 mM DTT at pH 7.4 dissolved in 18.2 MΩ ddH2O.  In 
the epifluorescence studies, part of the L-α-PIP2 (equal to 0.5 mol % of the total lipid 
content) was replaced by a fluorescently labeled analog (BODIPY FL-PIP2, C6), 
purchased from Echelon (Salt Lake City, UT). The lipid mixture, consisting of SOPC 
with a total molar PIP2 fraction of ΦPIP was diluted in a 2:1 chloroform/methanol mixture. 
A lipid monolayer was formed on a buffered subphase (10 mM HEPES, 100 mM EDTA, 
5 mM DTT) by applying the lipid solution to the air-water interface. The surface pressure 
was kept at 20 mN/m, corresponding to an initial area per lipid of around 90 Å2. 
The free-standing lipid monolayers were first imaged under an inverted 
microscope (Leica, DM IRBE) with a low magnification objective (10X) due to a poor 
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contrast of the clusters from the background and a long working distance. At most two 
bright spots, most likely due to nonspecific insoluble aggregates or contaminants, were 
found in a field of view in the absence of divalent cations and was considered as a 
threshold value. The divalent salts CaCl2 or MgCl2 were then added at 1 mM to the 
subphase, followed by gentle pipetting to minimize monolayer disruption. The coarsening 
of PIP2 nanoclusters was allowed for up to 2 hrs if the observed number of PIP2 clusters 
was less than the threshold value. 
Monolayer samples could also be transferred at a 20 mN/m surface pressure, 
unless otherwise noted, onto glass coverslips using a Langmuir-Schaefer method to be 
examined in detail. The supported monolayers were air-dried and imaged by a 
fluorescence microscopy at 100X. Representative fluorescence images of a free-standing 
PIP2-containing monolayer in the presence of 1 mM Ca2+ at 10X and the same monolayer 
transferred onto a coverslip at 100X are shown in Figure 3-2 B.  AFM images of 
supported lipid monolayers were taken using tapping mode AFM (MultiMode AFM, 
Digital Instruments, Santa Barbara, CA) and processed by Nanoscope® IIIa software (v. 
5.12; Digital Instruments). For fluid phase AFM, the transferred lipid sample was fixed 
on a petri dish with a double-sided tape and filled with its subphase solution in right after 
being transferred and then imaged by a Bioscope AFM (Digital Instruments, Santa 
Barbara, CA). Supported monolayers with a different ΦPIP were examined at different pH 
values: 3, 4.5, 6, 7.4, and 9. At these pH, qPIP was roughly -1.5, -2.7, -3.2, -4.2, and -5.0, 
respectively (Figure 1-2 B), based on the reported acid dissociation constants.113 The 
ionization state of PIP2 may be influenced by various geometric and chemical 
factors113,114, therefore these qPIP values were not assumed to be exact. Two different 
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techniques were used in determining the experimental phase diagram since the 
fluorescence microscopy provided a direct visualization of the clusters in a free-standing 
monolayer whereas the AFM images revealed a more detailed structure at a 
submicrometer scale. 
2-2-2 Numerical Phase Diagram 
In the numerical study, only the competition between electrostatic interactions 
and excluded volume repulsions were retained by adopting a model in which both lipids 
and small ions were represented by charged spheres with a radius Ri = RL or RCI, 
respectively. An excluded volume interaction was given by the purely repulsive 
(truncated at its minimum and shifted) Lennard-Jones potential (the WCA potential115) 
parameterized by an energy scale ε = kBT ≡  1 (our unit of energy) and length scale σij = Ri 
+ Rj. This potential was given by  
!!"#,!" !!" = 4! !!"!!" !" − !!"!!" ! + !! ,                                  (3) 
where rij is the center-to-center distance. V(rij) was set as 0 for any rij < 21/6 σij. Note that 
σij was the distance at which the potential equals kBT. N = 1600 lipid particles were 
confined to the z = 0 plane, to mimic the effect of the hydrophobic interaction that kept 
them at the air-water interface. A sphere radius Ri = RL = 3 Å was used for the lipids and 
Ri = RCI = 2 Å was used for the small cations to explore the entire simulation box. In a 
study of the dependence of the clustering on cation size, RCI was varied between 0.5 Å 
and 2.5 Å. The box was periodic in x- and y-directions (size Lx = 320 Å × Ly = 320 Å and 
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had hard walls at z = 0 and z = Lz = 200 Å. The typical distance between lipids in the 
monolayer at z = 0 was therefore 8 Å.  
The charged spheres interacted via the Coulomb interaction, VC,ij =  qiqjlB/rij, 
where the Bjerrum length was about 7 Å and the charges q was in units of the proton 
charge. We run molecular-dynamics simulations using LAMMPS116, with a Nosé-Hoover 
thermostat117 and PPPM for the long-range Coulomb interactions.118 The strong Coulomb 
attraction between the anionic lipids and the small cations allowed them to bind at a 
distance of roughly σij. The essence of ion-mediated attractions was that these bonds are 
strong and long-lived enough so that one or two counterions could draw together two 
lipids and be bound to both simultaneously.80,119  
Due to its coarse-grained nature, our model underestimated the binding energy of 
such bonds. The main source of this effect was that the distance between the lipid particle 
and the Ca2+ in our model was much larger than the distance between a real phosphate 
group and a Ca2+ ion in real PIP2. This common side-effect of coarse-graining was 
typically compensated by adjusting the dielectric constant.120 To find the required 
correction, the PIP2 charge required for clustering as calculated from the numerical model 
was compared to that as measured in experiments at ΦPIP = 0.25. Experimentally we find 
the threshold pH at this PIP2 fraction to be between 3 and 4.5, which corresponds to a qPIP 
roughly between -1.5 to -2.7 (Figure 1-2 B).113 The dielectric constant required in our 
model to match this threshold is about 27 (a factor of three lower than that of water). This 
value of the dielectric constant was then used to obtain the rest of the phase diagram. 
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Thus, a coarse-grained model in which lipids were replaced by spheres of the 
appropriate charge and simulated with explicit counterions using an adjusted dielectric 
constant was obtained. This simplification enabled us to explore a large parameter space 
with modest computations. This coarse-graining approach was not quantitatively precise, 
but neither were calculations using typical approximations such as a uniform dielectric 
constant of 80 for water surrounding highly charged objects. Despite the simplicity of our 
model, it gave surface pressures from 20 to 50 mN/m, which is of the same order as in the 
experiments. Both in the experiments and in the simulations, a 10-30% of surface 
pressure drop upon adding Ca2+ was observed at ΦPIP = 0.25, which was depending on the 
pH. These simulations were performed at various PIP2 charges qPIP and PIP2 fractions 
ΦPIP to explore the phase diagram. The mobility of lipids within clusters and the cluster 
rigidity were studied by additional simulations at ΦPIP = 1.       
2-2-3 M2+-PIP2 Affinities Determined from Surface Pressure Measurements 
Similar to the cation binding affinity studies performed by Ohki et. al.121-123, a 
simplified Ca2+-binding affinity assay was carried out as described previously.25 For each 
measurement, 7 nmol of pre-mixed lipid was deposited on 30 mL buffered solution, and 
the monolayer surface pressure was monitored with a surface probe using the Wilhelmy 
method.124 Limited by the complexity in the binding stoichiometry of highly charged 
PIP2, which have net charges that can vary from -3 to -5 under most experimental 
conditions113,125, only a global binding constant was reported using a Langmuir 
adsorption model. When the surface pressure reached equilibrium at 20 mN/m, 
concentrated cation stock solution (less than 0.3% of subphase volume fraction) was 
injected into the subphase and gently mixed without perturbing the monolayer. The 
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surface pressure change was then recorded until the surface pressure again reached 
equilibrium. For other cations, such as Mg2+ and polyamines, a competitive Ca2+-binding 
assay was carried out by titrating Ca2+ in the presence of the other cations at various 
concentrations. The surface pressure measurement was analyzed using the Langmuir 
competitive adsorption model.126,127   
2-2-4 PIP2 Cluster Formation Examined by a Transmission Electron Microscopy 
Air-dried supported lipid monolayer samples on a coverslip could be further 
processed for EM imaging. Samples were unilaterally coated with a thin layer of 
platinum (1 nm) from a 20° angle and carbon (5 nm) from an ~80° angle with an 
Auto306 vacuum evaporator (Edwards, UK). The coated sample was floated on a diluted 
hydrofluoric acid solution to separate from the coverslip, and transferred onto formvar-
coated EM grids. Samples were analyzed using a JEM-1011 transmission electron 
microscope (JEOL USA, Peabody, MA) at an accelerating voltage of 100 kV. Images 
were captured by an ORIUS 835.10W CCD camera (Gatan, Warrendale, PA) 
2-2-5 Infrared Spectroscopy of Supported Lipid Monolayers.  
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were 
collected using a Magna-IR 860 spectrometer with a Harrick's Horizon attachment and 
equipped with Opus software. A pure PIP2 monolayer in the absence of divalent cations 
were transferred onto a germanium internal reflection element (IRE) at 20 mN/m with a 
Langmuir-Schaefer method. The supported monolayer on germanium IRE was mounted 
on the spectrometer and immersed in the same buffer as used in a MicroTrough. The 
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infrared spectra of supported PIP2 monolayers were monitored at different divalent cation 
concentrations at room temperature in at range of 650-4000 cm-1 with a 1 cm-1 resolution.  
2-2-6 Ca2+-induced PIP2 Cluster Formation in Large Unilamellar Vesicles  
  Steady-state probe-partitioning Förster resonance energy transfer (SP-FRET)128 
was used to probe PIP2 phase demixing within a bilayer membrane. For this purpose, two 
different fluorescent PIP2 analogs were used: GloPIPs BODIPY FL- and TMR-PI(4,5)P2. 
5.2 mol% PIP2-containing LUVs (including 0.3 mol% each fluorescent PIP2 analog) were 
prepared using a mini-extruder (Avanti, Alabaster, AL). While the probe-probe distance 
was expected to be about 120 Å and the Förster distance for the selected FRET pair was 
57 Å129, an increase in FRET efficiency was expected as titrated cations induce the 
formation of PIP2-rich clusters. Holding the PIP2 mole fraction and overall PIP2 
concentration in the LUV as constants, the fluorescence spectra for D-A (donor with 
acceptor), D (donor only) and A (acceptor only) were collected independently using a LS-
50B Luminescence Spectrometer (Perkin-Elmer, Beaconsfield, UK). The spectra were 
combined linearly to calculate the concentration-dependent fluorescence intensity change 
and FRET efficiency change, and so the potential artifacts of fluorescence decay due to 
environmental changes could be avoided. The polyamine stock solution was prepared by 
diluting slowly on ice to minimized the temperature increase which resulted in a rapid 
oxidation which turns the solution in yellow. The pH of each polyamine stock solution 
was adjusted to 7.4 also on ice in the presence of 5 mM DTT to avoid oxidation. 
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 2-2-7 Ca2+-induced Diffusion Retardation of PIP2 in Giant Unilamellar Vesicles  
5 mol% PIP2-containing GUVs were prepared by electroswelling.130 0.1 nmol of 
lipid mixture solution was spread and dried on indium-doped tin oxide (ITO) glasses 
(Delta Technologies, Loveland, CO) on a hotplate at 60 °C.  Following vacuum drying 
for 2 hrs, the ITO was assembled with another clean ITO with a Fastwell silicon spacer 
(Grace Bio-Labs, Bend, OR) and filled with a 300 mM sucrose solution. The samples 
were then left in a homemade heating block, heated at 60 °C and applied with a 1V AC 
field at 5 Hz  for two hours using a function generator (B & K Precision, Yorba Linda, 
CA) and monitored by an oscilloscope (B & K Precision).  
GUVs were asymmetrically labeled with approximately 0.5 and 0.01 mol% 
BODIPY TMR-PIP2 for imaging and FCS, respectively, while the electroswelling of lipid 
films in the presence of BODIPY TMR-PIP2 was not successful at indicated conditions. 
GUVs were diluted in isotonic glucose solutions containing 10 mM HEPES and various 
multivalent cations, and then added to vacuum grease-sealed chambers covered with 
clean coverslips. The samples were kept in dark and not moved for at least 30 mins for 
the GUVs to settle down to the glass surface. The diffusion of PIP2 in model membranes 
was studied by fluorescence correlation spectroscopy (FCS), The experimental setup, 
sample preparation, data acquisition, and analysis protocols are described elsewhere.131 
GUVs sealed in the chamber were allowed to sit for 30 min prior to fluorescence 
intensity fluctuation measurements. A 514 nm laser was focused near the top center of 
the GUVs to avoid lipid-solid support interaction. Each FCS curve was obtained by 
correlating the fluorescence signal for a duration of about 30 s and fit by a two-
component two dimensional diffusion equation to yield its characteristic diffusion times 
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(τD). For each condition, 10 to 25 auto-correlation curves were collected from multiple 
vesicles.  
2-3 Monolayer Insertion of DrrA in PI(4)P-containing Monolayers  
2-3-1 Constructs, Expression and Purification of DrrA and Mutants 
Constructs were amplified with Vent polymerase and ligated into a modified pET15b 
vector incorporating an N-terminal 6×His tag (MGHHHHHHGS). Site-specific mutants 
were generated with the QuickChange II XL kit (Stratagene). Wild type and mutated 
constructs were confirmed by sequencing. Constructs were expressed in BL21(DE3)RIPL 
cells (Stratagene) cultured in 2×YT-amp (16 g tryptone, 10 g yeast extract, 5 g NaCl, and 
100 mg ampicillin per liter) at 37°C to an OD600 of 0.2, then at 21°C to an OD600 of 0.4, 
and induced with 50 mM IPTG for 16 h. Cells resuspended in lysis buffer (50 mM Tris, 
pH 8.0, 0.1 M NaCl, 0.1% 2-mercaptoethanol) were disrupted by sonication in the 
presence of 0.1 mM PMSF, 0.2 mg/ml lysozyme, and 0.01 mg/ml protease free DNase I 
(Worthington). Lysates were supplemented with 0.5% Triton X-100 and centrifuged at 
35,000×g for 1 h. Supernatants were added to Ni-NTA Sepharose (GE Healthcare) 
equilibrated with lysis buffer and nutated for 15 min at 4°C. The beads were washed 
extensively with buffer containing 50 mM Tris, pH 8.0, 50 mM imidazole, 0.5 M NaCl, 
and 0.1% 2-mercaptoethanol. Proteins were eluted with 300 mM imidazole and further 
purified by ion exchange on HiTrap S column (GE Healthcare) with gradients of 0 to 1 M 
NaCl, followed by gel filtration on Superdex-75 (GE Healthcare). 
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2-3-2 Monolayer Insertion by Surface Pressure Measurements  
Monolayer insertion measurements were performed on a single channel DeltaPi 
tensiometer using a Teflon-coated multiwell plate (Kibron, Inc. Helsinki, FI) controlled 
by the FilmWare 3.57 software package (Kibron, Inc. Helsinki, FI).  Monolayer subphase 
composition was 10 mM HEPES, 1 µM EDTA, 150 mM KCl dissolved in 18.2 MΩ 
ddH2O at pH 6.8 unless notified otherwise.  The system was calibrated without a stir 
plate, but was zeroed with constant stirring using a siliconized miniaturized stir bar 
(Chrono-log Corp., Havertown, PA) prior to lipid deposition.  The stir speed and the 
position of the plate were not changed after zeroing since the probe is sensitive to the 
change in magnetic field.  Premixed lipids were deposited on a 1 mL buffered solution on 
a multi-well plate.  The surface pressure was monitored with a surface probe using the 
Wilhelmy method124, after allowing the monolayer to sit for at least 10 min for organic 
solvent to evaporate.  After reaching the target surface pressure, 1-3 µL of concentrated 
(c.a. 10 mg/mL) DrrA stock solution (less than 0.3% of subphase volume fraction) was 
injected into the subphase with constant stirring.  A final concentration of >500 nM DrrA 
was used in this study. Multiple injections were performed to make sure the protein 
concentration reached saturation in terms of surface pressure change.  The time course of 
surface pressure change was recorded over the span of 20-30 min as the surface pressure 
usually reached a plateau within the first 10 min.  Baseline correction was needed in 
some cases (~10%), mostly when the protein was injected at high initial surface pressure 
(Πi >38 mN/m) and the surface pressure change was relatively small. A baseline was 
determined by both the point when the protein was injected and the slope of a decaying 
time course after a plateau was reached.  
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2-4 PIP2-mediated Regulation of Gelsolin Activity under Phase-demixed Conditions  
2-4-1 Protein Purification and Sample Preparation 
Actin from rabbit muscle132 and full length gelsolin from human blood plasma133 
were purified according to published methods, and actin was labeled with N-(1-
pyrenenyl)-iodoacetamide as previously described108 with 93% labeling efficiency. 6.2 
mg/mL Pyr-G-actin in solutions containing 2 mM Tris, pH 8.0, 0.2 mM CaCl2, 0.5 mM 
dithiothreitol, and 0.5 mM ATP (G-buffer) were frozen in aliquots. Pyrene G-actin was 
thawed before use and followed by a 15-fold dilution in a G-buffer for at least 30 minutes 
to maximally depolymerize the actin. Actin was then polymerized at room temperature 
by supplementing the buffer with 2 mM MgCl2 and 150 mM KCl and become F-buffer. 
The prepared F-actin sample was used within 2-3 days. 
The amino-terminal gelsolin (NtGSN) was purified from E. coli expression. 
Mouse gelsolin (UniProt#Q6PAC1) fragment from 2-351 amino acids was encoded in a 
pQE30 vector with a His-tag attached to the N-terminal of the protein. The construct was 
transformed into and expressed by XL1-blue competent cells. The proliferation of BL21 
(DE3) cells transformed with NtGSN-containing construct is greatly suppressed. NtGSN 
was purified using HisBind Quick 900 cartridges (Novagen, Madison, WI). The elution 
buffer was replaced by an NtGSN buffer, which contains 10 mM Tris, 0.4 mM CaCl2, 
and 150 mM NaCl at pH7.0, using a HiTrap desalting column (GE Healthcare) noticing 
NtGSN precipitates within hours in the absence of Ca2+ at 4°C.134 The final product has 
357 amino acids with a 40 kD molecular weight. The extinction coefficient of NtGSN at 
280 nm is 47,500 cm-1M-1 as estimated base on its sequence. 
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2-4-2 LUVs Preparation 
PIP2-containing LUVs were prepared with a buffer containing 2 mM Tris, 0.5 
mM DTT, 150 mM KCl at pH7.0 using 200 nm pore size membranes and a mini-extruder 
(Avanti, Alabaster, AL) at 60°C. The effective PIP2 concentration for all LUVs stock 
solutions was 180 µM which takes accounts only the PIP2 in the outer leaflet.  
2-4-3 Gelsolin Severing Assay in the Presence of PIP2-containing LUVs 
This assay follows the method reported earlier101 with some modifications. 31 nM 
NtGSN was incubated with PIP2-containing LUVs in an F-buffer for 4 minutes at desired 
temperature prior to adding 0.37 µM pyrene-F-actin. The sample volume was limited at 
50 µL. The procedure is kept the same unless otherwise noted. Regular F-buffer that 
contains 0.2 mM Ca2+ or those supplemented with 1 mM EGTA (FE buffer) were used to 
investigate Ca2+-induced perturbation in PIP2 lateral distributions in PIP2-NtGSN 
interactions. The volume of NtGSN and pyrene-F-actin added were less than 5 % of the 
total volume so the Ca2+ carried from both protein solutions were negligible. The decay 
in pyrene fluorescence was collected using LS-50B fluorescence spectrometer coupled 
with four-position water thermostatted cell holder (PerkinElmer, Waltham, MA). The 
temperature is controlled by a 9110-VT1 recirculator water bath (PolyScience, 
Warrington, PA). The difference in the nominal temperature in the water bath and the 
terminal temperature inside the cell holder were calibrated using a thermocouple 
thermometer (Barnant, Barrington, IL). The lower limit of terminal temperature is set at 
11°C because condensation of water on sample glass tubes interferes with the 
measurement at lower temperature while the upper limit is limited by the recirculator.    
The outer surface of the cell holder was taped with an open slit so that only the middle 
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section of the 50 µL mixed solution was exposed and excited. The collection of emission 
time courses was started before pyrene actin was added so the time point at which pyrene 
actin is added (t0) is well controlled (t0 = 4 s). The delay between mixing and the initial 
fluorescence signal varies in between 6 to 8 seconds. Changes in pyrene fluorescence 
were fitted into a single exponential decay:  
! = !! − (!! − !!)× 1− !!!! !!!! ,                                (4) 
as shown in Figure 6-1 A. The initial rate of depolymerization is proportional to the 
number of actin filaments and has been used to quantify gelsolin severing activities.101 
The fluorescence decay rate at t = t0 is calculated as k1(F0-Fb) from the fitted data. 
Noticeably, the final fluorescence Fb increases as LUVs concentration increases. The data 
were normalized by subtracting the background fluorescence so all traces reach the same 
F0, as shown in Figure 6-1 A-D. 
2-4-4 Phase-partitioning of PIP2 in Phase-demixed LUVs Detected by FRET 
The phase partitioning of PIP2 and DChol in a phase-demixed membrane at 
various ionic conditions and temperatures was investigated by steady-state Förster 
resonance energy transfer (SP-FRET)135  with a procedure similar to that described in 
section 2.2.6. While 0.3 mol% each of labeled cholesterol and PIP2 were doped in LUVs, 
the FRET efficiency, calculated as E= 1- IDA/ID, was determined by exciting the LUVs at 
490 nm and measuring the donor (TopFluor-cholesterol) fluorescence intensity ratio in 
the presence (IDA) and the absence (ID) of acceptor (BODIPY TMR-PIP2) as the overall 
PIP2 and DChol mole fractions were held constants.  
 31 
2-4-5 Dynamic Light Scattering for LUVs Size Distribution 
Size distributions of PIP2-containing LUVs were determined by measuring the 
fluctuation intensity correlation of scattering in the presence of LUVs at a wavelength of 
782.4 nm using DynaPro99 coupled with a temperature control microsampler (Wyatt, 
former Protein Solutions). A 3-window black quartz cuvette (Hellma, Kent, UK) was 
used and the sample volume is 50 µL.  
2-4-6 Phase Transition of LUVs Investigated by Laurdan Generalized Polarization 
Laurdan dye was first dissolved in a solvent containing DMSO:MeOH = 1:1, and 
further diluted by 10 fold in chloroform and reached a final concentration of 0.25 mg/mL. 
0.3 mol% Laurdan dye was incorporated into LUVs during lipid film preparation. The 
order parameter of the bilayer was quantified by the fluorescence intensity at 440 and 490 
nm using the Generalized Polarization (GP) function 136:  
!"!" =    !!!"!!!"#!!!"!!!"#.                                                    (5) 
The emission profiles for the chosen lipid compositions were not sensitive to different 
excitation wavelengths from 340 to 360 nm 137. The excitation wavelength is set at 360 
nm for a better signal-to-noise ratio.  
2-5 Ca2+-perturbed Actin Assembly on Phase-demixed Supported Lipid Monolayers 
2-5-1 Bovine Brain Extract Preparation 
Bovine brain tissue was collected from a nearby slaughterhouse (Bringhurstmeats, Berlin, 
NJ) and snap frozen in liquid nitrogen for future use. The brain extract was prepared 
according to published methods.138 10 g of a flash frozen bovine brain was homogenized 
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at room temperature with a mortar and pestle in the presence of cOmplete protease 
inhibitor cocktail (Roche, Mannheim, DE) in a 20 mL breaking buffer containing 25mM 
Tris pH8.0, 500 mM KCl, 250 mM sucrose, 2 mM EGTA, 1mM DTT. The cell extract 
was further homogenized with a Dounce homogenizer (Kontes Co. Vineland, NJ) and 
centrifuged at 160,000×g for 2 hrs at 4°C using a Beckman OptimaTM LE-80K 
ultracentrifuge and a Ti70.1 rotor to remove any insoluble debris. The cell extract was 
desalted on HiTrap Desalting Column (GE Healthcare) at room temperature into a 
cytosolic buffer containing 25 mM HEPES, 120 mM potassium glutamate, 20 mM KCl, 
2.5 mM MgCl2, and 5 mM EGTA at pH 7.4.  
2-5-2 Actin Assembly on Supported Monolayers  
Thawed cell extract was supplemented with 1 mM ATP and 20 µM GTPγS before 
use. 50 µL cell extract was applied on top of a supported lipid monolayer and was 
incubated on a pre-warmed heating metal block at 37°C for 10 min. 50 µL of 1.5% 
glutaraldehyde (GTA) solution was then added into the cell extract gently enough to 
avoid actin filament detachment and incubated at room temperature for 40 min. The 
sample was rinse with a 10 mM HEPES buffer at pH7.4 in a six-well plate and stained 
with phalloidin Alexa633 (Invitrogen) with a 1:500 or 1:1000 dilution for 30 min. The 
sample was air-dried after triple rinse and kept from light for imaging studies. Care has 
been taken while rinsing to avoid actin filament detachment. The overall procedure is as 
shown in Figure 2-1. 
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Figure 2-1. Fabrication of supported lipid monolayers using a Langmuir-Schaefer method and actin assembly assay using bovine brain extract 
Figure 2-1. Fabrication of supported lipid monolayers using a Langmuir-Schaefer 
method and actin assembly assay using bovine brain extract.  Supported lipid 
monolayers are prepared by transferring from free standing monolayers with desired 
subphase conditions. The prepared supported monolayers are air-dried and can be stored 
for days without significant changes in the lipid lateral structures. The supported lipid 
monolayers are used for actin assembly assays by applying bovine brain extract on top of 
the supported monolayers. The cell extract on top of lipid monolayers is incubated at 
37°C for 10 min. The sample is fixed by adding 0.75% glutaraldehyde into the cell 
extract and incubated at room temperature for 40 minutes. The excess solution was rinsed 
off carefully and the sample is examined by fluorescence microscopy. 
2-5-3 Electrostatic Force Microscopy of Supported Lipid Monolayers 
Supported lipid monolayers containing 25 mol% PIP2 in a phase-demixed condition is 
examined by an amplitude-modulated Kelvin Probe Microscopy (AM-KPM)139,140 for 
surface potential measurements using MultiMode AFM with an Extender Module 
(Digital Instruments, Santa Barbara, CA) under an atmospheric environment. The sample 
is insulated from the metal chuck and an external 1V DC bias was applied directly onto 
the sample by attaching fine gauge wires through a silver paste. The surface potential 
imaging is achieved by using the LiftMode in which the measurements were taken in two 
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passes across each scanline. The topographical data is taken in tapping mode on the first 
pass then the tip was lifted up and the surface profile was retraced while maintaining a 
constant tip-surface separation.  
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Chapter 3 - Divalent Cation-induced Cluster Formation by 
Polyphosphoinositides in Model Membranesb 
 
The interaction between Ca2+ and PIP2 has been studied for decades, but Ca2+-
induced cluster formation of PIP2 in model membranes at a nanoscale has not been 
visualized until recently141,142. The questions whether this is phenomenon is mediated by 
pure electrostatics is not yet addressed. A counterion-mediated mechanism would seem 
unlikely at a first glance since such attractions are typically weak. Biomolecules such as 
DNA143, actin144 and filamentous Pf1 virus aggregate into large bundles in the presence 
of multivalent ions (Figure 3-1), but they each carry a net charge of (-102 to -103 e) while 
PIP2 lipids carry a much smaller net charge (-2 to -5 e) that depends on the pH. Moreover, 
divalent cations are not sufficient to induce aggregation in bulk aqueous DNA or actin 
solutions, and the estimated attraction mediated by trivalent or tetravalent species is at 
most of order 0.1 kBT per base pair.145 This small magnitude is not surprising since 
counterion-mediated attractions vanish in the mean-field approximation146 and are the 
collective result of a near-cancellation of repulsive and attractive interactions between 
like and unlike charges, respectively.  
In order to study the origin and strength of the effective attractions leading to 
clustering, the phase separation of mixed monolayers of neutral and highly negatively 
charged lipids in the presence of divalent positively charged counterions was investigated 
experimentally and the results compared with theory. Experimentally, the phase diagram 
of PIP2 in a background of 1-stearoyl-2-oleoylphosphatidylcholine (SOPC) is obtained at 
                                                
b Most parts of this chapter are reprinted from Biophysical Journal, vol.101, Ellenbroek, W. G.; Wang, Y.-H.; Christian, 
D. A.; Discher, D. E.; Janmey, P. A.; Liu, A. J, Divalent Cation-Dependent Formation of Electrostatic PIP2 Clusters in 
Lipid Monolayers, 2178-2184, Copyright (2011), with permission from Elsevier. 
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different pH values and PIP2 mole fractions  (Figure 3.1). The resulting phase diagram is 
compared with simulations from a model designed to retain only the most critical features 
of the electrostatics (Figure 3.2). A semi-quantitative agreement is found between 
simulations and experiments, suggesting that divalent-ion-mediated electrostatic 
attractions are sufficient for the observed clustering. The strength of these interactions 
strongly depends on the net charge of the lipid, which in turn has been shown to depend 
sensitively on ionic strength and on pH.113 The ion-mediated attractions could even be 
strong enough to alter the mechanical properties of the membrane: at moderate PIP2-
charge the membranes are like two-dimensional liquids in which lipids can diffuse freely, 
but at sufficiently high PIP2-charge they form rigid, gel-like clusters upon exposure to 
divalent ions (Figure 3.3). Our results support an interpretation of PIP2 clustering as 
governed primarily by electrostatic interactions. The simulations suggest that the 
effective attractions are strong enough to give nearly pure clusters of PIP2 even at small 
overall concentrations of PIP2 at physiological pH. 
 
Figure 3-1. Counterion-mediated attraction between linear bio-polyelectrolytes 
Figure 3-1. Counterion-mediated attraction between linear bio-polyelectrolytes. (A) 
The filamentous virus Pf1 at a concentration of 0.1 mg/mL is dispersed as single 6 nm 
diamter filaments when the buffer contains only monovalent counterions. (B) Cross-
linking and self-looping forms appear at 1 mM Mn2+ and (C) large bundles form at 5 mM 
Mn2+. 
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3-1 Phase behavior of PIP2 in background PC: experiments and simulations  
The experimental phase diagrams and snapshots of (a) atomic force and (b) 
fluorescence microscopy of calcium-induced domain formation are shown in Figure 3-2. 
Cluster formation is readily observed at high PIP2-charge, for example at pH 7.4 in either 
experiment, where qPIP ≈ −4.2. Figure 3-2 B shows epifluorescence micrographs, taken 
both before (left) and after (right) the sample at 25% PIP2 and pH 7.4 is transferred onto a 
glass cover slip. In these images, bright spots mark regions where PIP2 is concentrated. In 
the phase diagram, conditions for which these bright spots are seen are marked with black 
discs. Cases that did not show signs of clustering are marked with open circles. We note 
that domains usually appear within minutes, but we allow coarsening for up to two hours 
before concluding there is no clustering. The boundary of the parameter region that leads 
to domain formation is obtained (shaded in the phase diagram). Figure 3-2 A shows AFM 
images of the transferred samples. These images show a clear distinction between 
conditions that lead to domain formation (panels 2 and 3) and conditions in which the 
AFM image is flat (panel 1). Control AFM images of samples without divalent salt did 
not show any sign of domain formation. Domains persist when the surface pressure is 
increased to 35 or 40 mN/m (panels 4 and 4*, respectively). Although the two 
experimental approaches probe the system on different length scales, both of them give 
similar phase diagrams. In general, the AFM images are less noisy and therefore lead to a 
more clear-cut distinction between clustering and non-clustering conditions. The only 
exception happens at pH 4.5 and ΦPIP = 0.5, which showed clustering in the fluorescence 
experiments that were not as clearly clustered in the AFM experiments (marked with a 
grey dot in the phase diagram).  
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The simulation snapshot in Figure 3-3 D, obtained after simulating for 3.5 ns 
using 25% PIP2 with charge qPIP = −4, shows still growing clusters at a scale of ~10 nm. 
As expected, the positions of the condensed calcium ions (red discs in Figure 3-3 D) 
clearly indicate their role in binding the charged lipids (green discs) together. To map out 
the phase diagram in the simulations, we follow the coarsening dynamics by keeping 
track of the static structure factor S(k) of the charged lipids, which is basically a Fourier 
transform of the pair distribution function of the charged spheres: 
! ! = !! exp  [!! ⋅ !! − !! ]!!,! ,                                      (6) 
where N is the number of PIP2-particles and k is the scattering wave-vector modulus. As 
a function of ! ≡ |!|, a maximum in this function at k = kpeak indicates that the PIP2-
positions are developing structure at a length scale 2π/kpeak. For the more pronounced 
cases of cluster formation (deep in the phase-separated regime), we followed this peak as 
a function of time and verified that it scales with time as kpeak ~ t−1/3, consistent with the 
general theory of coarsening of a binary fluid mixture.147 Thus, even though the 
counterion-mediated origin of phase separation yields irregularly shaped clusters instead 
of circular ones, this does not seem to affect the kinetics of coarsening. In the phase 
diagram in Fig. 3-3 A, all parameter values (ΦPIP, qPIP) for which an appreciable peak 
appears that approaches kpeak = 0 in S(k) for long times were marked as cluster-forming 
(within the coexistence region). Both in the experiment and simulation, we found that 
divalent cations cause phase separation when the lipid charge is high enough (pH 4.5 or 
higher in experiment, qPIP ≤ −2 in simulation). Monovalent cations were never seen to 
induce clusters. 
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Figure 3-2. Phase diagrams (pH vs. PIP2-fraction) and snapshots of experiments on binary mixed lipid monolayers exposed to 1 mM Ca
2+ 
Figure 3-2. Phase diagrams (pH vs. PIP2-fraction) and snapshots of experiments on 
binary mixed lipid monolayers exposed to 1 mM Ca2+. (A) Phase diagram in which the 
shaded coexistence region indicates where clustering was observed, obtained from atomic 
force microscopy studies. Open discs mark parameter values where no clustering was 
observed. Grey discs are too close to the boundary to determine their behavior with 
certainty. The AFM snapshots 1, 2, and 3 represent the conditions indicated by the 
corresponding points in the diagram: At ΦPIP = 0.02, there is no cluster formation at pH 6 
but clusters are clearly present at pH 7.4. Larger domains are obtained for ΦPIP = 0.25. 
Domains persist when the surface pressure Π is increased to 35 or 40 mN/m (panels 4 and 
4*). (B) A very similar cluster formation phase diagram is obtained using epifluorescence 
with labeled PIP2. Snapshots are shown for ΦPIP = 0.25. The left snapshot was taken 
directly from a free standing monolayer in a Langmuir trough. The right snapshot is taken 
after the monolayer is transferred onto a glass cover slip. We note that the apparent area 
fraction in the image is lower than 0.25 because many of the PIP2-domains are too small 
to detect optically. 
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Figure 3-3. Phase diagram (charge vs. PIP2-fraction/cationic radius) and snapshots from simulation of charged-neutral mixed lipid monolayers exposed to divalent salt 
Figure 3-3. Phase diagram (charge vs. PIP2-fraction/cationic radius) and snapshots 
from simulation of charged-neutral mixed lipid monolayers exposed to divalent salt. 
(A) Phase diagram obtained using a divalent ion radius RCI = 2 Å. The closed discs in the 
shaded coexistence region indicate where clustering was observed. Open circles mark 
mixed samples, and grey discs are too close to the boundary to determine their behavior 
with certainty. (B) Larger divalent ions require a higher lipid charge to induce clustering 
(shown for ΦPIP = 0.05). (C) Mg2+-induced cluster formation of PIP2 at 1 mM 
concentration occurs only at pH ≥ 6, suggesting the membrane condensation mediated by 
Mg2+ is weaker compared to that mediated by Ca2+ at the same concentration. (D) The 
simulation (PIP2-charge qPIP = −4, PIP2-fraction ΦPIP = 0.25, divalent ion radius RCI = 2 
Å) after 3.5 ns of coarsening. Charged and neutral lipids are dark green and light grey, 
respectively, and divalent ions that are close to the lipid monolayer are dark red. (E) 
Strength (shaded contours) and direction (streamlines) of the electric field around a 
string-like domain taken from the simulation, illustrating that further growth of the 
domain is likely to occur at the end. 
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In an effort to reconfirm our conclusion that Ca2+-induced clustering is a result of 
electrostatics, we performed the same experiment at ΦPIP = 0.25 using Mg2+. The working 
hypothesis is that divalent ions larger than Ca2+ should mediate weaker attractions since 
longer binding distances imply lower Coulomb energies. This effect should manifest 
itself in a higher charge on the PIP2 needed to obtain cluster formation with larger ions, 
which is confirmed by our simulations that the ability of divalent cations to drive cluster 
formation decreases with increasing ion size (Figure 3-3 B). Experimentally, Mg2+ 
induces clusters only at pH ≥ 6 while Ca2+ already does it at pH 4.5 (Figure 3-3 C).  This 
result is consistent with the fact that Mg2+ is weaker than Ca2+ in inducing PIP2-cluster 
formation141 and leads to a speculation that Mg2+ binds to PIP2 in a hydrated form since 
Mg2+ is smaller than Ca2+ in naked ionic radius (Table 3-1). It is however not clear 
whether Ca2+ binds to PIP2 in a hydrated form because their hydrated radii differ by 
merely 4-13%81,148,149 which may not be enough to account for their differences in 
inducing PIP2 cluster formation.  
Table 3-1. Summarized ionic radii of Mg2+ and Ca2+ from different references.  
Table 3-1. Summarized ionic radii of Mg2+ and Ca2+ from different references 
Ionic Radii (pm) 
Mg2+ Ca2+ 
Unhydrated Hydrated Unhydrated Hydrated 
Kielland81 90 700 140 630 
Gourary and Adrian148 — 428 — 412 
Shannon150 72 — 100 — 
Shanker and 
Agarwal151 67
a/85b — 99a/115b — 
Kiriukhin149 — 300 — 260 
a Ionic radii (free state); b Crystal radii of alkaline-earth and chalcogenide ions 
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3-2 Cluster morphology 
The morphology observed in the early stages of coarsening in the simulations 
illustrates some particular features of ion-mediated attractions. The PIP2-rich clusters 
(Figure 3-3 D) are often irregularly shaped and even string-like. This occurs because the 
attraction, of order a few kBT, is the net result of strong attractions (PIP2-Ca2+) and strong 
repulsions (PIP2-PIP2 and Ca2+-Ca2+) that can each be several tens of kBT. In the earliest 
stages of coarsening, most domains are string-like, because for very small clusters such 
linear arrangements have the lowest Coulomb energy. As the domains grow, compact 
shapes become energetically favorable but are difficult to reach for two kinetic reasons. 
First, once there is a string-like cluster, the electric field in its neighborhood is focused 
towards the end of the string (Figure 3-3 E), making it more likely for the next lipid to 
bind at the end, thus extending the string. Second, any rearrangement of the lipids 
requires the nearby counterions to move aside, which involves energy barriers of the 
order of the bare (tens of kBT) interactions. As a result, the evolution towards more 
compact shapes is severely hindered kinetically, and irregularly shaped domains, which 
have also been seen experimentally142,can persist even in the later stages of coarsening 
(Figure 3-3 D). This observation also strongly suggests that irregularly-shaped clusters 
are gel-like since diffusion of lipids within the cluster should be hindered by the same 
energy barriers. 
3-3 Cluster rigidity 
For those PIP2 charges at which cluster formation was observed, additional 
simulations at ΦPIP = 1 provide information on cluster rigidity or gelation. As shown in 
Figure 3-4 A, we find from the mean square displacement that at qPIP ≤ −3.5, PIP2 
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molecules do not diffuse over the course of the simulation (corresponding to 3.5 ns), 
indicating that clusters are mechanically rigid on that time scale. At qPIP ≥ −2.5, on the 
other hand, the lipids diffuse around freely, indicating that the clusters are fluid. These 
curves are averaged over five runs with identical parameters but different initial random 
conditions. At qPIP = 3 the system appears to be marginally rigid on the time scale of our 
runs; the lipids diffuse in some runs but not in others. 
Within a rigid cluster, each lipid has a well-defined average position about which 
it fluctuates thermally. What keeps them in place can be described as an effective 
interaction between nearby PIP2-molecules, mediated by the divalent counterions. The 
strength of this effective interaction is obtained from the matrix of displacement 
correlations U, defined via !!,! = !! ! !!(!) !,                                                (7) 
where ui(t) is the deviation of coordinate i from its average value at time t. Hence U is 2!×2! for our two-dimensional system. When these deviations are small they explore 
the effective potential energy Veff around its minimum, so we can describe it by a second 
order Taylor expansion. This allows extraction of the dynamical matrix K of the system 
as the inverse of the correlation matrix, 
 !!!""!!!!!! ≡ !!" = !!!(!!!)!",                                          (8) 
which can be obtained directly from the partition function.152 The elements of the 
dynamical matrix then provide the stiffness of the effective spring that acts between two 
neighboring PIP2 molecules. The result is shown in Figure 3-4 B: The tangential stiffness 
of the effective interaction between neighboring PIP2 is negligible, indicating that the 
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effective interaction does not prevent particles from sliding past each other, while the 
normal effective stiffness is around 4 kBT/Å2 when qPIP ≤ −4. 
 
Figure 3-4. Diffusion and rigidity of lipids within PIP2-domains at ΦPIP = 1 and RCI = 1 Å 
Figure 3-4. Diffusion and rigidity of lipids within PIP2-domains at ΦPIP = 1 and RCI 
= 1 Å. (A) Mean square displacement for lipids in a PIP2-domain as a function of time, 
for various PIP2-charges as shown in the legend. For sufficiently negative PIP2-charge, 
the domains are solid. (B) The stiffness of the effective harmonic interaction between 
neighboring PIP2-molecules in the PIP2-domain, obtained by displacement correlation 
analysis. Black diamonds indicate the stiffness corresponding to normal (central) 
effective interactions, while red discs show the (negligibly small) effective tangential 
stiffness. 
 
Figure 3-5. Surface pressure-dependent growth of PIP2 clusters at ΦPIP = 0.5 and pH7.4 
Figure 3-5. Surface pressure-dependent growth of PIP2 clusters at ΦPIP = 0.5 and 
pH7.4. AFM images of supported lipid monolayers containing 50 mol% PIP2 in the 
presence of 1 mM Ca2+ at pH7.4. The surface pressure at which the supported 
monolayers are transferred is indicated. 
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3-4 Discussion 
Both experimental and numerical studies yield nearly identical phase diagrams, 
which show PIP2 clusters in the presence of 1 mM Ca2+ at pH ≥ 4.5 for ΦPIP = 0.25, as 
this threshold approaches pH 7.4 at PIP2-fractions as low as 2%. The phase diagram of 
our numerical model compares surprisingly well with the experiments. The only 
parameter we introduce is the dielectric correction factor, a usual necessity in coarse-
grained simulations. It is fixed by comparing clustering at one packing fraction (ΦPIP = 
0.25), after which the rest of the phase diagram is reproduced without any free 
parameters.  
It should be noted that, while hydrogen bonds between the PIP2-molecules exist 
and may play a role when the charges are small22, our work strongly suggests that they do 
not play a dominant role in multivalent ion-induced clustering — if they did, having a 
higher PIP2-charge would make it harder to form clusters, rather than easier, as we report 
in Figures 3-2 A and 3-3A.  
One might ask how relevant our results are to biological membranes. Most of our 
measurements are taken at a relatively low surface pressure of 20 mN/m to prevent 
barrier leakage of the lipids. However, the formation of domains persists when surface 
pressure is increased up to 35 or 40 mN/m (see Figure 3-2 A4), and the typical domain 
size even grows with surface pressure (Figure 3-4). This is a characteristic signature of 
domain formation driven by electrostatic correlations, since a denser aggregate 
containing charged lipids will attract more divalent ions. We also observed domains by 
AFM in monolayers containing 1% PIP2 at 35 mN/m over subphases containing 150mM 
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KCl, pH 7.4, suggesting that even at roughly physiological conditions, Ca2+-induced 
clustering can be relevant.84 As for the use of monolayers instead of real membranes, we 
first note that PIP2 in the cell membrane only resides on the inner leaflet. Second, the use 
of monolayers will not significantly affect the electrostatics because distances between 
opposite charges are much smaller than the thickness of the low-dielectric layer of a 
membrane. However, an important limitation of monolayers in both experiment and 
simulation is that membrane curvature is not allowed. There might be changes in the 
exact concentrations or charges at which domains first form when membrane curvature is 
allowed, and indeed the cation-driven changes in surface pressure we measure on the 
PIP2-containing leaflet might be enough to trigger local curvature in a bilayer. 
Since the interactions in our model have been stripped down to the bare minimum 
of electrostatics and steric repulsion, the only attractive interaction in the simulations is 
the Coulomb attraction between PIP2 and Ca2+. Therefore, the observed phase separation 
must be due to counterion-mediated attractions. In both DNA solutions and in PIP2, the 
negative charges come from phosphate groups and are typically several angstroms apart. 
For PIP2, however, the net binding energy per lipid in 30-lipid clusters with Ca2+ is 6 kBT 
for qPIP ≈ −3, which is much stronger than in DNA.145 This large difference must 
originate from rather subtle differences in the packing geometry of charges in the two 
cases. Chain connectivity of DNA prevents the charges from organizing in the low-
energy configurations that our lipids take (Figure 3-3 C), but instead forces both negative 
and positive charges into roughly linear arrangements153, increasing repulsive 
contributions to the electrostatic energy and thereby weakening the effective attraction. 
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While the binding energy between lipids in a cluster is a collective effect and can 
only be estimated with respect to a chosen reference state, the linearized effective 
interaction between neighboring PIP2 is always well-defined. One can think of this as the 
potential of mean force between PIP2 that is left after integrating out the positions of the 
calcium ions, expanded around the average distance between the PIP2 molecules 
involved. We determined the stiffness of the effective calcium-mediated “bond” between 
PIP2 molecules to be around 4 kBT/Å2 for the case of gel-like clusters of highly charged 
PIP2 (qPIP ≤ −4). This is about an order of magnitude lower than the strength with which a 
single Ca2+ is bound to a PIP2 in our simulations, consistent with the notion that ion-
mediated attractions are the result of near-cancellation of much stronger attractive and 
repulsive interactions. Yet at qPIP ≤ −4 the ion-mediated attractions are still strong enough 
to lead not only to phase separation, but also to mechanical rigidity in PIP2-rich domains. 
Whether or not this rigidifying effect could be noticeable in living cells is questionable. 
First, we note that the time scale of our simulations is of order nanoseconds; more highly 
negative values of qPIP or higher valence counterions would be needed to achieve rigidity 
at longer time scales relevant to experiments and to biological processes. Second, other 
effects not included in our simulations, including active processes (e.g. from molecular 
motors) and increased disorder (because real lipids are not disks in a plane) also act to 
drive the threshold value of qPIP for rigidity beyond the physiological value of qPIP ≈ −4. 
We note that a similar calcium-induced gelation effect has been observed experimentally 
in polymer amphiphile systems.154 In that context, gelation is less surprising because the 
total charge per molecule is much higher for the polymer amphiphiles than for PIP2. 
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3-5 Summary 
In summary, we have presented experiments and coarse-grained simulations on 
lipid monolayers that demonstrate the clustering of PIP2 in mixed monolayers via 
calcium-mediated electrostatic attractions. Furthermore, we detected a transition from 
fluid to gel domains as the charge on the PIP2 increased, and obtained the conditions for 
cluster rigidity from the simulations. Between PIP2 charges of −2 and −4 the strength of 
ion-mediated attractions is highly sensitive to the PIP2-charge; they become strong 
enough to make long-lived crosslinks between lipids around qPIP ≈ −4, as illustrated by 
the interaction strengths in Fig. 3-4. In all, our results suggest that at physiological pH the 
effective calcium-mediated attraction can drive the formation of fluid clusters of PIP2 
even at PIP2 mole fractions of 2% or lower. In the cell other factors such as higher 
valence polycationic ligands including polyamines and protein domains can also affect 
PIP2 distribution, but the clustering effect of Ca2+ is likely remain a significant influence 
on PIP2 distribution. 
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Chapter 4 - Divalent cation-induced cluster formation by 
polyphosphoinositides in model membranesc 
 
In the previous chapter, we investigated Ca2+-dependent phase behavior of PIP2 in 
lipid monolayers and attributed Ca2+-induced clustering of PIP2 as a result of 
electrostatics on a 2D lattice. This observation is further studied in this chapter due to the 
following reasons: The first is to investigate the physiological relevance of this Ca2+-
mediated phenomenon. While the purpose of the study in Chapter 3 was to discover the 
underlying mechanism by which PIP2 clusters form in the presence of Ca2+, the calcium 
concentration in earlier experiments is set at 1 mM so that the concentration of Ca2+ is not 
a limiting factor when exploring the phase diagram. Being aware that the typical 
intracellular Ca2+ concentration in a quiescent cell is roughly at 100 nM and is subject to 
a 10- to 100-fold increase upon cellular activation, we next examine the concentration 
dependence of Ca2+-induced PIP2 clustering and the cluster formation at a near 
physiological condition. Secondly, we look into how Mg2+ is different from Ca2+ when 
interacting with PIP2, considering the fact that a 10% difference in the hydrated 
radii81,148,149 between Ca2+ and Mg2+ does not seem enough to account for their different 
capabilities in condensing PIP2-containing membranes based on a pure electrostatic 
model (see Figure 3-3B). It’s also important to notice that the intracellular concentration 
of Mg2+ is in a millimolar range. The potential interference between Ca2+ and Mg2+ was 
not fully explored in the previous chapter. Last but not the least, we ask how the 
electrostatic interaction between PIP2 and multivalent polyamines is different from its 
                                                
c Most parts of this chapter are reprinted with permission from Wang, Y.-H.; Collins, A.; Guo, L.; Smith-Dupont, K. B.; 
Gai, F.; Svitkina, T.; Janmey, P. A. Divalent cation-induced cluster formation by polyphosphoinositides in model 
membranes, J. Am. Chem. Soc. 2012, 134, 3387. Copyright 2012 American Chemical Society. 
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interaction with divalent metal ions. In another words, we will investigate how divalent 
cation-mediated PIP2 clustering as a complementary electrostatic-based model is different 
from polybasic peptide-induced sequestering of PIP2.  
Experimentally, the affinity of Ca2+ to a PIP2-containing membrane is determined 
by surface pressure measurements using a Langmuir competitive adsorption model. The 
apparent dissociation constant of Ca2+ to a membrane containing 25 mol% PIP2 falls at a 
micromolar range, although it depends heavily on the membrane surface potential and 
buffer salinities. The surface pressure measurements also reveal that Mg2+ competes with 
Ca2+ for binding PIP2 with similar affinities, although Mg2+ by itself does not induce a 
surface pressure change at the conditions tested where Ca2+ has a large effect. (Figure 
4.1). The stereospecific differences among three PIP2 isomers when interacting with 
divalent cations are also investigated (Figure 4.2). Divalent cation-induced formation of 
PIP2 clusters is visualized by fluorescence, atomic force and electronic microscopy 
(Figure 4.3&4). Steady-state probe-partitioning fluorescence resonance energy transfer 
(SP-FRET) (Figure 4.5) and fluorescence correlation spectroscopy (FCS) (Figure 4.6) in 
bilayer membranes reach similar conclusions that Me2+-induced cluster formation and 
diffusion retardation follows the trends: Ca2+ >> Mg2+ > Zn2+, while polyamines have 
minimal effects. These results suggest that divalent metal ions, especially Ca2+, have a 
substantial effect on PIP2 lateral organization at a near physiological conditions.   
4-1 Divalent cation-induced PIP2 condensation in lipid monolayers  
 The divalent cation-induced condensation of PIP2-containing monolayers is first 
investigated by measuring compression isotherms. Concomitant with the observed PIP2 
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clusters as shown in Figure 3-2 B, mixed monolayers of SOPC/PIP2 = 3:1 show reduced 
surface pressures across a large range of molecular areas in the presence of subphase 
divalent cations. A much greater reduction was observed with CaCl2 as compared to 
MgCl2 (Figure 4-1 A), which is consistent with the results obtained from imaging 
studies141,155 as discussed earlier in Chapter 3. The presence of 1 mM Mg2+ has a minimal 
condensing effect at ΦPIP = 0.25 and pH7.4. This fact is reflected in the observation that 
the area per molecule of the membranes remain unchanged at a surface pressure (Π) ~20 
mN/m. Mg2+-mediated membrane condensation only becomes clear when a pure PIP2 
monolayer is used (Figure 4-1 A, inset).   
The reduction of a lipid area per molecule in a PIP2-containing membrane is also 
reflected in a cation-induced surface pressure drop as the total area of the membrane is 
held constant. The injection of 1 mM CaCl2 to the buffered subphase (pH 7.4) underneath 
monolayers of the same composition induced an immediate and substantial contraction of 
the monolayer, evidenced by ∼15% reduction in surface pressure (Π). The magnitude of 
surface pressure drop when injecting Ca2+ at a fixed concentration depends linearly on 
the PIP2 mole fractions in a membrane. The slope of such a dependence decreases 
significantly at lower pH (Figure 4-1 B). The fact that the magnitude of the surface 
pressure drop is also pH-dependent is consistent with the results from earlier studies113 
showing a positive correlation between pH and  the area per molecule of PIP2  (see Figure 
1-2 C) and is also consistent with the argument that the interaction between Ca2+ and PIP2 
is driven mainly by electrostatics.155  
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Figure 4-1. Effect of divalent cations in PIP2-containing monolayers: Compression isotherms and surface pressure 
Figure 4-1. Effect of divalent cations in PIP2-containing monolayers: Compression 
isotherms and surface pressure. (A) Compression isotherms of 25 mol% PIP2 in SOPC 
at the presence or absence of 1 mM divalent cations. Buffer: 10 mM HEPES and 5 mM 
DTT at pH7.4. (inset) Compression isotherms of pure PIP2 monolayers under the same 
ionic conditions. (B) Decrease in surface pressure upon adding 1 mM Ca2+ is proportional 
to the PIP2 mole fraction in the lipid monolayer. 
4-2 Langmuir-adsorption of divalent cations to PIP2-containing monolayers 
4-2-1 Competitive Binding of Me2+ to PIP2 
Previous work, confirmed here (data not shown) reported that Ca2+ induces PIP2 
clustering on a lipid monolayer accompanied by a significant surface pressure drop, 
which could be recovered by adding EDTA into the subphase solution.142 The binding 
affinity of Ca2+ can be determined directly through titration of surface pressure 
measurements. In contrast to Ca2+, magnesium has minimal effect on surface pressure 
upon binding to PIP2 under the same experimental condition. Therefore, binding affinities 
of Mg2+ to PIP2 were investigated by surface pressure measurements through competitive 
titration with calcium (Figure 4-2 A).  The competitive Langmuir adsorption model is 
described in Eq. 9. From a conventional adsorption equilibrium equation and mass 
 53 
balance, [S]total = [S-Ca2+] + [S-Mg2+] + [S], where [S] is the number of free binding sites 
over the system volume, [S-Ca2+] and [S-Mg2+] indicates the concentrations of binding 
sites occupied by Ca2+ and Mg2+, respectively. The competitive binding of Ca2+ and Mg2+ 
to free binding sites on the membrane can be expressed as:  [! − !"!!] = [!]!"!#$[!"!!]!"!! !!!,!"(!! !"!!!!,!" )                                      (9) 
The term at the bottom right can be described as a conditional Ca2+ dissociation constant 
(KcD,Ca) which depends on Mg2+ concentration. By assuming that the degree of 
normalized surface pressure drop is proportional only to the coverage fraction θ of Ca2+ 
over free binding sites, i.e. θ=[S-Ca2+]/[S]total=ΔΠ/ΔΠMax, the surface pressure change can 
now be linked to the Mg2+-dependent conditional PIP2-binding affinity of Ca2+ (!!,!"! ) as 
described by Eq. 10: ∆! = !!"!"#[!"!!]!"!! !!!,!"!                                                     (10) !!,!" and !!,!"!  can be measured independently under conditions without and with Mg2+, 
respectively, and the apparent binding affinity of Mg2+ (KD,Mg) can also be determined. 
Langmuir adsorption isotherms of Ca2+ binding to PIP2 under different magnesium 
concentrations are shown in Figure 4-2 A and normalized in Figure 4-2 B. The data are 
fit by Eq. 10 and without any constraints using GraphPad Prism v.5.03 (GraphPad 
software, La Jolla, CA). For 25 mol% PIP2 at pH 7.4 (10 mM HEPES, 1 µM EDTA and 5 
mM DTT), the averaged ΔΠmax is determined to be 2.2 ± 0.4 mN/m. The double-
reciprocal Langmuir plot indicates Mg2+ as a competitive inhibitor in preventing Ca2+ 
from condensing PIP2-containing model membranes (Figure 4-2 C). Such competitive 
binding is also shown in a time-course experiment: the surface pressure drop induced by 
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1 mM Ca2+ can be partially recovered by sequentially adding 10 mM Mg2+ into the 
subphase. The recovery of surface pressure is not due to electrostatic screening of the 
PIP2 headgroup since adding more Ca2+ until the total calcium concentration reaches 10 
mM leads again a drop in surface pressure (Figure 4-2 D). Such competitive binding and 
its antagonistic effect on tuning surface pressure can be well described by Eq. 11:  
∆!∆!!"# = !"!!!!,!" × 1+ !"!!!!,!" + !"!!!!,!" !!                                (11) 
Using natural extracted PI(4,5)P2, the determined apparent dissociation constants for 
Ca2+ and Mg2+ are 4.6?1.3 and 7.7?1.8 µM, respectively. The fact that both divalent 
cations show similar binding affinity to PIP2 monolayers is consistent with the argument 
that the binding is mainly driven through electrostatic interactions.155  
4-2-2 Intrinsic Binding Constants of Ca2+ and Mg2+ to PIP2-containing Membranes  
 The affinity of counterions to monolayers containing charged lipids is the result of 
both intrinsic affinity to the lipid monomer and electrostatic attraction due to the surface 
potential caused by the charged lipids at the interface. An intrinsic binding constant 
should be independent of surface potential, which varies along with the charge density, 
the pH, and the ionic strength.156 As the charge density (φPIP2), the pH, and the 
monovalent salt concentration are fixed for all monolayer studies, the surface potential 
can be simplified as a function of divalent cation concentration. Therefore, the effective 
association constant (Ka) at any given [M2+] can be described as: 1 !!,! = !!,!×exp  (−!"Ψ! !!! /!")                              (12) 
Here KI,M is the intrinsic association constant of the divalent cation M2+ to PIP2. Since 
KD,Ca reflects a Ca2+ concentration at 50% surface coverage of the free binding sites, the 
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fact that KD,Ca is at a micromolar range suggests that the surface potential of a membrane 
at [Ca2+]= KD,Ca is not very different from and can be approximated by the initial surface 
potential in the absence of Ca2+, Ψ!(!!,!") ≈ Ψ! 0 .50 Therefore, the intrinsic binding 
constant (KI,Ca) can be calculated if the initial surface potential of a 25 mol% PIP2 
monolayer in the absence of both Ca2+ and Mg2+ is known. 
In the case where Ca2+ is titrated in the presence of Mg2+, the conditional apparent K!,!"!  
depends on the initial surface potential that is mainly governed by the total Mg2+ 
concentration, Ψ! 0 = Ψ! !g!! ! . The conditional binding constant can therefore be 
described as: 1 !!,!"! = !!,!× exp − !"!! !!!!!" ,                                 (13) 
and therefore Mg2+-inhibited binding of Ca2+ is rationalized by its induced change in the 
membrane surface potential. Since only the boundary potential, a combination of dipole 
potential and surface potential, is directly measureable from a lipid monolayer,157 the 
surface potential can be estimated by zeta potential studies of LUVs with the same lipid 
composition. The zeta potential of PIP2-containing LUVs has been measured at only 
slightly different ionic conditions,158,50 and a reasonable estimate of the surface potential 
of 25 mol% PIP2 LUVs in 10 mM HEPES at pH7.4 is around -80 mV. Combining this 
value of surface potential with the measurement of effective binding constants 
determined from Figure 1, leads to estimated intrinsic binding constants for Ca2+ and 
Mg2+ at around 360 and 220 M-1, respectively.  These values are consistent with those 
reported previously.50   
 56 
4-2-3 Ca2+/Mg2+ Selectivity of Different PIP2 Isomers 
To determine if there is structural specificity between PIP2 isomers in binding to 
divalent cations, we apply the same competitive binding assay on three different synthetic 
PIP2 analogs: DOPI(3,4)P2, DOP(3,5)P2 and DOPI(4,5)P2. All 25 mol% PIP2-containing 
lipid monolayers show similar affinities for calcium (Figure 4-3 A). However, the 
conditional binding affinities of PIP2 isomers in binding to Ca2+ becomes different at 
millimolar magnesium (Figure 4-3 B). The Ca2+-induced surface pressure drop is 
inhibited by Mg2+ to different degrees, depending on the PIP2 isomer (Figure 4-3 C). 
Whereas the three PIP2 isomers show the same KD,Ca, their different conditional Ca2+ 
binding affinity at millimolar magnesium implies they have different KD,Mg. The binding 
affinities for Ca2+ and Mg2+ and their selectivity ratio (KD,Mg/KD,Ca) for natural PI(4,5)P2 
and synthetic PIP2 isomers are summarized in Figure 4-3 D&E. In short, L-α-PI(4,5)P2 
has slightly lower cation binding affinities compared to DOPI(4,5)P2 at the same 
condition. This difference is likely due to the fact that L-α-PI(4,5)P2 is a lipid mixture in 
which the majority contains the highly unsaturated arachidonyl chain that leads to a 
slightly higher area per molecule and therefore lower charge density. The fact that natural 
and synthetic PI(4,5)P2 have similar selectivity ratios suggests that the packing of lipids 
with cations is mainly determined by the head group conformation. Moreover, PI(4,5)P2 
among the three PIP2 isomers shows the highest Ca2+-binding preference, and PI(3,5)P2 
has a preference for Mg2+ over Ca2+. These subtle physical chemical differences among 
the three PIP2 isomers might be relevant to the mechanisms of their distinct physiological 
roles. 
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Figure 4-2. Competitive binding of Mg2+ and Ca2+ to PIP2-containing monolayers 
Figure 4-2. Competitive binding of Mg2+ and Ca2+ to PIP2-containing monolayers. 
(A) Langmuir adsorption isotherms of calcium binding to L-α-PI(4,5)P2 under different 
Mg2+ concentration. (B) Same isotherms normalized to their ΔΠMax. (C) Langmuir plot of 
calcium adsorption isotherms. (D) Time course of surface pressure change when 1 mM 
Ca2+, 10 mM Mg2+, and 9 mM Ca2+ were added sequentially to a monolayer. (Surface 
pressures were reset to 20 mN/m using the motorized barriers each time before adding 
divalent cations.) For all surface pressure experiments, 25 mol% PIP2 in SOPC 
monolayers were used on 10 mM HEPES buffered subphase with 1 µM EDTA and 5 mM 
DTT, at pH 7.4, room temperature.  
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Figure 4-3. Me2+-binding selectivity of PIP2 isomers. 
Figure 4-3. Me2+-binding selectivity of PIP2 isomers. (A) The binding of Ca2+ to three 
PIP2 isomers without Mg2+. Mean ± SE, n = 3. (B) Similar Ca2+ binding curve at 1 mM 
Mg2+. (C) Surface pressure drop induced by 1 mM Ca2+ under different Mg2+ 
concentrations. Data were fit by a competitive Langmuir adsorption model (Eq. 10&11) 
to find (D) the apparent KD for Ca2+ and Mg2+, and (E) the selective ratio in binding to 
PIP2s. The color coding is consistent through (A) to (E), while the white bar in last two 
panels represents L-α-PI(4,5)P2. 
4-3 Microscopic Studies of the Formation of PIP2-rich Clusters  
4-3-1 Formation of PIP2-rich Clusters 
Limitations due to drifting motion, long working distance, and optical diffraction 
prevent visualization of PIP2-rich nano-size clusters by fluorescence microscopy of free-
standing monolayers at the air-water interface. As a first step to look for cluster forming 
conditions and cluster size distributions, we use the Langmuir-Schaeffer method to create 
supported lipid monolayers. A 50 mol% PIP2/SOPC monolayer is doped with a trace 
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amount of BODIPY-FL PIP2 and Rho-DOPE and transferred onto a glass coverslip 
before and after 1 mM Ca2+ is added into the subphase solution. Since the BODIPY 
fluorophores are labeled on the hydrocarbon tails of PIP2, the head group interaction with 
calcium is expected to be unperturbed. Examined by fluorescence microscopy, the 
fluorescently-labeled PIP2 is strongly phase separated from the Rho-DOPE doped 
background lipids after addition of millimolar Ca2+ (Figure 4-4, A-C), and the cluster 
formation is reversed by adding 10 mM EDTA (Figure 4-4D). 
Potential artifacts from using fluorescent PIP2 analogs are examined. Surface 
pressure drop measurements using 25 mol% labeled PIP2 instead of natural PIP2 show 
that labeled PIP2 has slightly higher affinity for calcium compared to natural PIP2 under 
the same condition, but the surface pressure drop is smaller (data not shown). AFM 
imaging of the same transferred monolayer indicates that the clusters formed by labeled 
PIP2 are smaller in size compared to the clusters formed by natural PIP2 under the same 
condition (data not shown). Therefore, the formation of PIP2-rich clusters detected by 
fluorescence microscopy and the surface pressure drop is not due to non-specific 
interactions between labeled PIP2 molecules.  
Further investigations using tapping mode AFM on supported lipid monolayers 
with different PIP2 fractions show that the cluster size increases as the PIP2 mole fraction 
increases, suggesting that these submicron-size clusters are PIP2-rich (Figure 4-4 E-G). 
Similarly, the dissolution of PIP2 clusters by adding excess EDTA was confirmed using 
AFM  (data not shown).  While the  correlation  between  PIP2  cluster   formation   and  
 
 60 
 
 
Figure 4-4. Ca2+ induces phase 
separation of L-α-PIP2 in 
background SOPC on 
supported lipid monolayers. 
Fluorescence images of 50 mol% 
PIP2 dual labeled with (A) 0.1 
mol% Rhodamine-DOPE and (B) 
0.1 mol% C16 BODIPY-FL 
PI(4,5)P2, were merged in (C), 
showing Ca2+-induced phase 
demixing. (D) The phase 
demixing is reversed by adding 
excess EDTA. Without 
fluorescent lipids, Ca2+-induced 
phase demixing is shown by 
tapping mode AFM with (E) 2 
mol%, (F) 25 mol%, and (G) 50 
mol% PIP2. (H) Under the same 
PIP2 fraction and cation 
concentration, Mg2+-induced PIP2 
clusters are much smaller. The 
transferred lipid monolayers 
immersed in buffer (I) with and 
(J) without Ca2+ are examined also 
by fluid-phase contact mode 
AFM. Divalent cation 
concentration is 1 mM through 
(A) to (I), while 10 mM EDTA is 
also added in (D) to test 
reversibility. Supported lipid 
monolayers are transferred at 
constant surface pressure (20 
mN/m) unless otherwise 
indicated. 
 
Figure 4-4. Ca2+ induces phase separation of L-α-PIP2 in background SOPC on supported lipid monolayers 
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surface pressure change was pointed out previously by Levental et. al.142, such 
coincidence is further established by showing the calcium concentration dependence of 
cluster formation using tapping mode AFM (Figure 4-5). In contrast to the effects of 
Ca2+, Mg2+-induced PIP2 clusters appears to be much smaller under the same condition, 
indicating a weaker surface condensing ability (Figure 4-4 H). In order to rule out the 
possibility that these clusters are transferring or drying defects, the imaging study was 
also performed by fluid phase contact mode AFM. The transferred samples were again 
immersed into the subphase solutions under conditions with or without calcium. 
Submicron-size clusters are found only when there is Ca2+ in the subphase solution 
(Figure 4-4 I&J). 
 
Figure 4-5. The Ca2+ dependence of PIP2-rich cluster formation 
Figure 4-5. The Ca2+ dependence of PIP2-rich cluster formation. 25 mol% L-α-PIP2 
lipid monolayers in a background of SOPC are transferred at (A) 0 µM (B) 2.0 µM (C) 
8.0 µM (D) 32 µM (E) 127 µM (F) 507 µM Ca2+ and imaged by tapping mode AFM. 
Scale bars are all the same. 
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4-3-2 PIP2 Cluster Formation under Near-physiological Conditions  
We further investigated if PIP2-rich clusters form at physiologically reasonable 
surface pressures, calcium concentrations, monovalent salt concentrations, and PIP2 
levels. Cluster formation was first tested under high monovalent salt concentration 
(Figure 4-6 A&B) with micromolar Ca2+. Clusters are visible at micromolar calcium 
when there is merely 1 mol% PIP2 on the supported lipid monolayers under both high 
surface pressure and high monovalent salt concentration conditions (Figure 4-6 D). No 
clusters are found when the sub-phase solution is free of calcium (Figure 4-6 C).  
Considering the fact that the intracellular Mg2+ concentration is about 3 orders of 
magnitude higher than the intracellular calcium concentration and that they both bind to 
PIP2 with similar affinity, the next question becomes if millimolar Mg2+ prevents PIP2 
from forming nano-size clusters by preventing PIP2 interaction with micromolar Ca2+. To 
answer this question, we perform an imaging study visualizing the competitive binding of 
Mg2+ and Ca2+ to PIP2-containing monolayers. From both AFM and TEM studies, the 
results show that micromolar Ca2+ can induce cluster formation with a radius distribution 
of 40 ? 11 nm (Figure 4-6 E&F, inset). The clusters induced by Ca2+ become flatter and 
fewer on the membrane due to the competitive binding when the subphase also contains 
millimolar Mg2+, but they do not disappear (Figure 4-6 G&H). 
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Figure 4-6. Formation of submicron-size L-α-PIP2 clusters in background SOPC at near-physiological conditions 
Figure 4-6. Formation of submicron-size L-α-PIP2 clusters in background SOPC at 
near-physiological conditions. Cluster formation is tested under (A, B) high ionic 
strength with 25 mol% PIP2 and (C, D) high surface pressure and high ionic strength with 
1 mol% PIP2. 10 mol% PIP2 monolayers under different ionic conditions are imaged by 
both (E, G) AFM and (F, H) TEM. Scale bars are 1 ìm unless otherwise indicated. (High 
Π: lipid monolayer transferred at 35 mN/m; high I: 150 mM KCl in the subphase.) 
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4-4 Dehydration occurs during titration by Ca2+ but not Mg2+ 
To further look into the fundamental differences between Ca2+ and Mg2+ in PIP2 
binding, an attenuated total reflection Fourier transform Infrared (ATR-FTIR) 
spectroscopic study of pure PIP2 supported lipid monolayers was carried out. Pure PIP2 
monolayers, transferred onto germanium internal reflection elements (IREs), were 
immersed in buffer solution and titrated with divalent cations (Figure 4-7 A&B).  A 
significant change occurs in the water-related peak intensity. The O-H stretching peak at 
3350 cm-1 decreases during the titration of Ca2+, but it slightly increases during the 
titration of Mg2+. This result suggests that partial dehydration takes place when Ca2+, but 
not Mg2+, binds to the PIP2 head groups and is consistent with a differential scanning 
calorimetry study of Ca2+-PIP2 micelle interactions.159 One possible explanation is that 
water between PIP2 head groups is excluded as a result of PIP2-water hydrogen bonding 
network disruption22 and divalent cation bridge-binding.160 However, the antisymmetric 
PO2- stretching at the region 1220-1250 cm-1, which indicates the hydration status of the 
lipid head group,161 shows no detectable peak shift. Moreover, an increase in surface 
pressure is expected if the PIP2-water hydrogen bonding network is disrupted, whereas 
the opposite was observed as Ca2+ was added. These results lead to a second possible 
explanation: partial dehydration of the hydration shell of calcium, but not magnesium, 
upon binding to the lipids. However, these two events may not be mutually exclusive, as 
suggested in the summary diagram (Figure 4-7 C). 
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Figure 4-7. Dehydration upon titration by Ca2+, but not Mg2+ 
Figure 4-7. Dehydration upon titration by Ca2+, but not Mg2+. ATR-FTIR spectra are 
collected during optical titration with (A) Ca2+ and (B) Mg2+ using pure PIP2 supported 
monolayers. (C) Cartoon pictures show the putative differences between Ca2+ and Mg2+ 
when interacting with PIP2 head groups. 
4-5 FRET as a Tool for Monitoring PIP2 Cluster Formation in LUVs 
Cation-induced PIP2 cluster formation in LUVs was studied by steady-state 
probe-partitioning Förster resonance energy transfer (SP-FRET). The tested ions are 
compared in two different categories: divalent cations and polyamines. For divalent 
cations, the ions tested include three physiologically important cations: Ca2+, Mg2+, and 
Zn2+. Cation concentration-dependent FRET efficiency measurements effectively 
quantify the degree of PIP2 cluster formation. The trend in inducing PIP2 cluster 
formation on a bilayer membrane follows this order: Ca2+>>Mg2+>Zn2+ (Figure 4-8 A). 
The concentration-dependent fluorescence changes for individual titrations, including 
EDTA4- back titration with pre-existing 100 µM Ca2+, are also reported (Figure 4-8 B-D).   
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Figure 4-8. Effects of different cations in SP-FRET on LUVs 
Figure 4-8. Effects of different cations in SP-FRET on LUVs. (A) Concentration-
dependent SP-FRET of BODIPY-FL and BODIPY-TMR PIP2 are measured with 
physiological divalent cations. Arrow indicates the concentration at which insoluble 
Zn(OH)2 forms. Fluorescence intensity changes are shown for titration with (B) Ca2+ and 
(C) Mg2+. (D) Reversibility is tested by titrating with EDTA4- with pre-existing 100 µM 
Ca2+. (E) The same experiment was repeated using polyamines with charges ranging 
from +2 to +4; (inset) normalized surface pressure responses of 25 mol% PIP2 
monolayers as 1 mM multivalent cations are added. LUVs were excited at 470 nm with 
overall lipid concentration and PIP2 mole fraction held constant at 5 mol%, including 0.3 
mol% each fluorescent PIP2 analog. PIP2/DChol/SOPC = 5/15/80 for all PIP2-containing 
LUVs. Buffer: 10mM HEPES, 5mM DTT, 1 µM EDTA, pH 7.4. 
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Figure 4-9. Comparing the surface coverage of Ca2+ titration from monolayer surface pressure measurements and LUVs SP-FRET measurements 
Figure 4-9. Comparing the surface coverage of Ca2+ titration from monolayer 
surface pressure measurements and LUVs SP-FRET measurements. Both curves 
were normalized to their maximum values and plotted as a function of Ca2+ 
concentration. The solid lines are the fitting results based on a Langmuir adsorption 
model.  
 
The apparent binding of Ca2+ determined by FRET appears to be lower, ca. 220 
µM, than that measured by surface pressure changes in monolayers.  This difference is 
rationalized by the lower PIP2 fraction (5 mol%) compared to 25 mol% in the monolayer 
(Figure 4-9), considering that the surface potential and therefore the effective binding 
affinities of divalent cations strongly depend on the PIP2 mole fraction. The surface 
potential is estimated to be -47 mV lower in a 25 mol% PIP2-containing monolayer than 
in a 5 mol% PIP2-containing LUVs, which is consistent with the PIP2 fraction-dependent 
zeta potential measurements carried out by Toner et. al.50    
In contrast to the expectation if binding of counterions was purely electrostatic, 
polyamines with charges more than +2 are not stronger than divalent metal cations in 
bridging PIP2 head groups11 (Figure 4-8 E).  EDA (+2 polyamine) may be treated as a 
weak divalent cation (similar to Mg2+), but polyamines with higher charges and longer 
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backbones are not any stronger in condensing PIP2-containing membranes. This result is 
consistent with surface pressure measurements of lipid monolayers, in which the addition 
of polyamines usually leads to an increase of surface pressure, rather than a decrease. As 
shown in Figure 4-8 E inset, more charges in the polyamine lead to greater surface 
pressure increase, suggesting that the sequestering of PIP2 through polybasic domains of 
a peptide is very different from the PIP2 condensing effect induced by divalent metal 
cations. 
4-6 Diffusion Retardation of PIP2 on GUVs 
Because SP-FRET studies do not provide information about cluster size 
distribution on bilayer membranes, we performed fluorescence correlation spectroscopy 
(FCS) to study the diffusion of PIP2 in GUVs. In asymmetrically labeled GUVs, rounded 
and fluid-like PIP2-rich clusters are clearly seen when there is 2 µM Ca2+ in the GUV 
solution, but not in the control or with 1 mM Mg2+  (Figure 4-10 A-C). The effect  of  
Mg2+  on  PIP2 is puzzling considering that no detectable clusters form in millimolar 
Mg2+, but Mg2+ competes with Ca2+ in binding to PIP2 with similar binding affinities. A 
reasonable argument would be that the Mg2+-induced PIP2 clusters are too small to be 
detected by optical microscopy. Therefore, FCS would be helpful in determining if there 
are nano-size PIP2 clusters by studying cation-induced diffusion retardation of PIP2. The 
auto-correlation curves for PIP2 diffusion with different multivalent cations under near-
physiological concentrations are shown in Figure 4-10 D. The data are fit by a two-
dimensional diffusion equation as shown in eq. 14: 
 ! ! = !! !!!!! !!!!!! × !!!!!!!! !!"#$!!! ,                              (14)  
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The extracted diffusion coefficients under different ionic conditions are shown in Figure 
4-10 E after averaging multiple measurements (n>10). The results show that millimolar 
magnesium effectively slows down the diffusion of fluorescently labeled PIP2 by a factor 
of 4, showing that the binding of Mg2+ exerts a substantial effect on the membrane 
consistent with the existence of nano-size Mg2+-induced PIP2 clusters. The diffusion 
retardation is much more sensitive to Ca2+ than to other divalent cations. The diffusion of 
PIP2 is slowed down to 0.8 ± 0.4 µm2/s by 10 µM Ca2+, which is very close to the 
diffusion coefficient of PIP2 on the inner leaflet of a plasma membrane.162 The fact that 
TETA4+ has a less significant effect in retarding PIP2 diffusion is consistent with the 
hypothesis that polyamines with fewer charges (less than +7) are not able to sequester 
PIP2 since they can not form complexes with more than one PIP2 molecule.20 On the other 
hand, this result supports the idea that the major difference between divalent cations and 
polyamines may come from their different packing configuration with anionic lipid head 
groups.163  
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Figure 4-10. Nano-sized cluster formation and diffusion retardation on PIP2-containing GUVs 
Figure 4-10. Nano-sized cluster formation and diffusion retardation on PIP2-
containing GUVs. Images show the lateral inhomogeneity of asymmetrically labeled 
BODIPY-TMR PIP2 on GUVs under the following ionic conditions: (A) no divalent 
cations; (B) 2 µM Ca2+; (C) 1 mM Mg2+. (D) Representative autocorrelation curves of 
fluorescently labeled PIP2 studied by FCS. (E) PIP2 diffusion coefficient determined by 
model fitting. Mean ± SE, n > 11. GUVs with PIP2/SOPC= 5/95 were used for imaging 
and PIP2/DChol/SOPC = 5/15/80 were used for FCS.  
4-7 Discussion 
Electrostatic interactions between PPIs and divalent cations first attracted 
attention in late 50s.164,165 Binding affinities for common divalent cations to PIP2 were 
first determined by pH titration in aqueous PIP2 micelle solutions,166 and followed by 
several studies measuring the binding affinity by quantifying the partitioning of 
radioactive 45Ca using PIP2-containing water-methanol-chloroform solutions,167 lipid 
monolayers,168 or erythrocyte ghost membranes.169 This topic was extensively studied 
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both experimentally and theoretically in the 80s. Experimentally, the adsorption of 
divalent cations to PIP2 was determined through electrophoretic mobility and surface 
potential measurements using PPI-containing vesicles and well described by Poisson-
Boltzmann modified Gouy-Chapman theory.50 Although the reported affinities are 
slightly different depending on the experimental setup, and the intrinsic binding constants 
are not available for each case, conclusions are consistent throughout these studies: Mg2+ 
binds to PIP2 with a similar or slightly lower affinity compared to that of Ca2+. 
Furthermore, combined with the imaging study of Ca2+- and Mg2+-induced lateral 
aggregation of PIP2 on GUVs,141 they all suggest that Mg2+ can be considered as a 
“weaker” Ca2+. 
Although most early studies of PIP2 binding showed little difference between Ca2+ 
and Mg2+ when no calcium isotopes were used, the divalent metal ion-PIP2 binding 
affinities were generally investigated individually. Competitive binding of Ca2+ and Mg2+ 
was not closely examined, and the combined effects of the two cations on the lateral 
organization of PIP2 in a membrane were uncharacterized. In order to provide a better 
understanding of lipid-cation interactions, especially their competing effect on PIP2 
lateral organization, a quantitative tool to investigate the competitive binding between 
cationic solutes is needed.  
The fact that Ca2+ and Mg2+ have different surface pressure effects after binding 
to PIP2 is unexpected. One advantage of using surface pressure measurements is that the 
competitive binding between Ca2+ and Mg2+ can be studied directly by titrating Ca2+ at 
different fixed Mg2+ concentrations. Mg2+ competes with Ca2+ for binding PIP2-
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containing lipid monolayers, and its effect is observable due to the difference between 
Ca2+ and Mg2+ on the surface pressure of a PIP2-containing monolayer. The Ca2+-induced 
surface pressure drop can be recovered not only by adding EDTA but also by adding 
excess Mg2+ to compete Ca2+ off the membrane. Theoretically, the binding affinities of 
most multivalent cations, including short chain polyamines, can be attained through 
either direct or indirect titrations. 
The result that PIP2 isomers have different divalent cation binding selectivity has 
several implications.  The differences among isomers imply that binding to divalent ions 
is not entirely determined by electrostatics.  The opposite preference for Ca2+ or Mg2+ 
between PI(4,5)P2 and PI(3,5)P2 and the different effects on surface pressures of 
monomers containing these lipids might relate to the physiological functions of the lipids. 
Although the physical chemical differences between PIP2 isomers are subtle both in 
binding affinity measurements and in ionization state measured by 31P-NMR,125 these 
results might help explain how PPI selectivity is achieved, especially for PI(3,5)P2 for 
which no obvious proteins ligands have yet been identified to explain its biological 
function. 
The Ca2+-induced surface pressure drop is PIP2 fraction-dependent (Figure 4-1 B) 
and large enough to cause an area mismatch between inner and outer leaflets of the 
plasma membrane sufficient to induce membrane curvature.  The same PIP2 fraction 
dependency is also seen in PIP2-rich cluster formation (Figure 4-4 E-G), suggesting that 
the formation of PIP2-rich clusters might directly account for the Ca2+-induced surface 
pressure drop, or equivalently to the decrease in molecular area at constant pressure. The 
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different surface pressure response after adding either Ca2+ or Mg2+ to PIP2 and the fact 
that Mg2+ has comparably small effects on PIP2 cluster formation, as examined by AFM, 
SP-FRET and FCS, can be rationalized by the ATR-FTIR study.  
As pointed out in Chapter 3, the hydrated Mg2+ is only 4-15% larger than 
hydrated Ca2+ depending on the value determined using different methods81,82,149 (Table 
3-1) whereas the numerical phase diagram suggests that Mg2+ has to be at least 80% 
larger than Ca2+ to account for the differences observed in the experiments (see Figure 3-
3 B). This discrepancy is likely explained by the results of the ATR-FTIR study. ATR-
FTIR spectroscopy shows dehydration as Ca2+ binds to PIP2 head groups, but not when 
Mg2+ binds. While dehydration has been reported to be due to the loss of water between 
charged lipid head groups, partial dehydration of Ca2+ has also been widely reported upon 
binding to anionic lipid head groups both experimentally170,171 and computationally.172,173 
The different in dehydration of Mg2+ and Ca2+ likely results from the 20% lower 
dehydration energy of Ca2+ compared to that of Mg2+,174 which is captured by hybrid 
quantum-level simulations of a PIP2 bound to either ion.56 Therefore, the interaction 
between Ca2+ and PIP2 can be considered as a two step processes as suggested in Figure 
4-7 C: the initial binding is driven by electrostatic interactions, and the Ca2+-induced 
condensing of PIP2 head groups is entropy-driven by hydrated water release. 
The probe-partitioning FRET on lipid bilayers also supports the proposed two-
step mechanism and shows further differences between multivalent polyamines and 
divalent metal ions. Competitive binding between Ca2+ and spermine4+ to PIP2 has been 
reported based on their antagonistic effects on lipid scrambling.175 An interesting 
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observation suggests that the electrostatic interaction between PIP2 and short chain 
polyamines, which in some sense is similar to the interaction of PIP2 with proteins 
containing polybasic domains, fails to induce PIP2 clustering as divalent cations do. 
Instead of reducing the electrostatic repulsion between PIP2 head groups, the association 
of polyamines effectively pushes PIP2 molecules away from each other (Figure 4-8 E and 
inset), perhaps because of the separation of charges in polyamines on an otherwise 
hydrophobic backbone. The apparent KD of +2, +3 and +4 polyamines are 71, 61, and 13 
µM, respectively, while the apparent KD for Ca2+ and Mg2+ are 4.6 and 7.4 µM under the 
same experimental condition (data not shown).These results lead to two new points of 
view in protein-lipid interaction: 1. the membrane docking of polyamines/polybasic 
peptides may not lead to strong lateral segregation of PIP2, or not as strong as occurs in 
the interaction with divalent cations. 2. Divalent cation-induced PIP2 clustering may 
dominant the electrostatic interaction between PIP2 and polybasic peptides.   
Polyamines are the most abundant polyvalent cations in the cytoplasm, and their 
interactions with PIP2 have been extensively studied.50,176-181 Two fundamental 
differences between organic multivalent polyamines and inorganic divalent metal ions 
lead to different interactions with PIP2. The positive charges of polyamines, unlike point-
localized charges, are distributed at fixed lengths along a conformationally flexible 
carbon chain.182 The length of a spermine molecule is 1.6 nm in its extended 
conformation and its amine groups are 4.9 and 6.1 Å apart183, which might permit 
bridging of counterions spaced at distances that are too far to bind Ca2+ or Mg2+. A 
different packing geometry of polyamines with anionic lipids might explain why 
polyamines do not condense PIP2-containing membranes as Ca2+ does.155 Another 
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difference between organic amines and divalent metal ions is in their extent of hydration. 
1H-NMR and other studies suggest that organic amines are more “hydrophobic” than 
divalent metal ions184, in agreement with the finding that NH4+ has a much lower 
dehydration energy compared to that of Ca2+.185 One further difference, related to the 
extent of hydration, is the polarizability of the electron cloud of inorganic divalent metal 
ions, which might explain why the difference between Ca2+ and Mg2+ cannot be captured 
in simulations that only distinguish the two ions by their size.  
An alternative way of looking into the difference between divalent cation-induced 
PIP2-clustering and polyamine-induced PIP2-sequestering comes from the FCS 
measurements (Figure 4-10 D & E). Most auto-correlation data derived from PIP2 in the 
presence of multivalent cations are best fit with a two-component diffusion model, 
suggesting that two different PIP2 populations are present in the membrane. One fraction 
of PIP2 is less sensitive to multivalent cations and has a similar diffusion correlation time 
(τD) between 0.6 and 1 ms; the other fraction increases by factors of 2 to 25 after addition 
of multivalent cations at their near-physiological concentrations. The effects of Ca2+ and 
polyamines on the cation-sensitive PIP2 fraction are significantly different. A +4 
polyamine (similar to spermine) at millimolar concentration slows down the diffusion of 
PIP2 by roughly 50%, which is still more than 10 times faster than the slow diffusion 
induced by a few micromolar Ca2+. The size of a cation-induced PIP2 cluster can be 
estimated by the Saffman-Delbrück model186 or its extended form, the Hughes-
Pailthorpe-White (HPW) model.187 The estimation of PIP2 cluster size is sensitive to the 
chosen parameter, such as membrane thickness and membrane viscosity. The PIP2 cluster 
radii in 10 µM Ca2+, estimated from both the SD and HPW models with reference 
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parameters 188, are several tens of nanometers and are close to the size of Ca2+-induced 
PIP2  clusters visualized by AFM in supported lipid monolayers (Figure 4-4). The PIP2 
cluster sizes calculated from both models for objects diffusing faster than 2 µm2/s are not 
significantly different from each other. The calculated PIP2 cluster size in 1 mM TETA4+ 
suggests that PIP2 is not clustered by this polycation. This result is consistent with the 
argument that small basic hydrophilic peptides with less than +7 basic residues do not 
form complexes with more than 1 PIP2 20.  
A comparison between studies using lipid monolayer and bilayer model 
membranes is not simple and direct. An obvious example comes from cholesterol-
dependent phase demixing: a binary lipid mixture, cholesterol and DOPC, phase demixes 
on a lipid monolayer but not on a lipid bilayer.  An important difference between 
monolayers and bilayers, other than electrostatic potential, is the bending stiffness. Lipid 
monolayers are restrained from bending, which reduces the packing flexibility of lipids. 
This constraint might also explain why the PIP2-rich clusters seem to be rounder and 
fluid-like in the GUVs while they appear to be more solid-like in a supported lipid 
monolayer.  
4-8 Summary 
The interactions between PIP2 and its isomers with physiologically important 
divalent and multivalent cations are explored in the studies reported here. Through 
surface pressure measurements, we first noticed that the binding of Ca2+ to PIP2-
containing monolayers can be suppressed by Mg2+. Whereas the selectivity ratio is 
independent of surface potential change and is used to describe the effectiveness of Ca2+ 
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in competing with Mg2+, three dioleoyl-PIP2 isomers were found to have different 
selectivity ratios. This fact may partially explain why they play different roles in 
physiology even when the interactions between lipids and proteins are mostly 
electrostatic driven. The competitive binding between Ca2+ and Mg2+ to PIP2 is described 
to be surface potential dependent. Langmuir adsorption model in combination with a 
linearized Poisson-Boltzmann Gouy-Chapman theory allowed us to determine the 
intrinsic binding affinities for Ca2+ and Mg2+ to L-α-PIP2.  
Ca2+ and Mg2+ were shown to be very different in inducing PIP2-rich cluster 
formation by various methods in this study. Since the binding of both ions to PIP2 is 
electrostatically driven and both ions have similar binding affinity, their difference in 
inducing PIP2-rich clusters is unexpected. This difference is mainly explained by their 
difference in dehydration enthalpy, as supported by the ATR-FTIR study. Divalent 
cation-induced surface pressure change and cluster formation were also compared with 
the binding of multivalent polyamines. The opposite response of PIP2-containing 
membranes to linear polyamines and divalent metal ions may come from the fact 
polyamines have a very different packing configuration and charge distribution compared 
with divalent point charges. This has a great implication since cytosolic proteins/peptides 
would be very similar to polyamines when interacting with anionic phospholipids.  
The results of these binding and surface pressure studies lead us to another 
question: how would PIP2-interacting proteins be affected as PIP2 local concentration and 
surface potential are changed by physiological divalent cations? Hints can be found in 
some physiological studies. For example: Mg2+ induces the inhibition of KCNQ K+ 
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channels,189 Kir2.1190 and TRPM7 channel proteins191 all of which are PIP2-activated and 
can be rescued by adding exogenous PIP2. Another example is Ca2+-induced PKCα C2 
domain membrane docking, which has been suggested to work through a target-activated 
messenger affinity (TAMA) mechanism due to an increased local concentration of 
anionic lipids together with Ca2+.192 Our results regarding divalent cation-mediated 
perturbation of PIP2 lateral organization might shed light on these studies and reveal the 
underlying mechanisms of these observations.  
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Chapter 5 - Structural and Functional Correlation of DrrA in 
PI(4)P-mediated Membrane Insertiond 
 
Regulation of cellular processes requires precisely controlled intermolecular 
interactions that alter the location and/or activity of effector proteins193, typically driven 
by protein modules that recognize specific features of proteins, nucleic acids, or 
membranes.194 Many proteins contain modular domains that play essential roles in 
recruitment to intracellular membranes through stereospecific recognition of distinct 
phosphoinositide headgroups.195 The best-studied phosphoinositide recognition modules 
include PH (Pleckstrin homology), FYVE (Fab1, YOTB, Vac1, EEA1), and PX 
(phagocyte oxidase homology) domains.196 Crystal and NMR structures of several of 
these domains in complex with short chain phosphoinositides or headgroups have been 
described. These studies provided detailed insights into the mechanisms for binding and 
recognition of PI(4,5)P2, PI(3,4)P2/PI(3,4,5)P3 and PI(3)P. Structural mechanisms for 
recognition of PI(4)P, PI(5)P, and PI(3,5)P2, however, remain poorly characterized.195 
Crystal structures of eukaryotic PI(4)P binding domains and of DrrA constructs 
that include the P4M domain have been reported.86,197-200 Although these structures define 
the fold and locate the PI(4)P-binding site, they contain either no ligand or sulfate ions in 
the binding pocket. Thus, the structural basis for stereospecific recognition of PI(4)P and 
membrane targeting remains unclear. Here, we determined the crystal structure of a DrrA 
fragment spanning the GEF and P4M domains in complex with dibutyl PI(4)P, analyzed 
                                                
d Parts of this chapter are adapted from a submitted manuscript: Del Campol, C. M.; Mishra1, A.; Wang, Y.-H.; Roy, C. 
R.; Janmey, P. A.; Lambright, D. G. Structural Basis for PI(4)P-Specific Membrane Recruitment of the Legionella 
pneumophila Effector DrrA/SidM. 
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the phosphoinositide affinity and specificity in a membrane environment, and 
investigated the mechanisms underlying the high affinity interaction of DrrA with PI(4)P. 
5-1 Crystal structure of GEF-P4M construct of DrrA in complex with dibutyl PI(4)P  
To investigate the structural basis for PI(4)P recognition of DrrA, the crystal 
structure of DrrA335-647 in complex with dibutyl PI(4)P was determined at 1.9 Å 
resolution (Figure 5-1). The structure comprises the GEF (α1-α9) and P4M (α10-α15) 
domains of DrrA (Figure 5-1 A&B). As expected, the overall domain architecture and 
tertiary structures of the individual domains are similar to those unliganded forms.86,200 
The P4M domain is composed of six helices and an ordered loop (LC) connecting 
to the GEF domain (Figure 5-1 B). Three parallel helices (α11, α12, and α15) form a 
pillar structure that supports the base of the electropositive binding pocket (Figure 5-1 B-
D). Near the top of the pillar, residues from helices α10, α13, and α14, together with Lc, 
envelope most of the headgroup and pack against one surface of the DAG moiety (Figure 
5-1 B&C). Helix α14 extends well above the binding pocket and contains several 
leucines that are exposed or lie in van der Waals contact with the acyl chains (Figure 5-1 
D). Given the high potential for leucine side chains to penetrate into the hydrocarbon core 
of bilayer membranes201, these observations suggest that α14 likely functions as a 
'membrane insertion motif' (MIM).  
5-2 Determinants of PI(4)Precognition and membrane targeting 
To further explore the determinants of PI(4)Precognition and membrane targeting, 
residues in the binding pocket and putative MIM were mutated individually or in 
combination and the effects analyzed by SPR and/or ITC (Figure 5-2). Alanine 
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substitution of Lys 568, which engages the 4-phosphate, caused the largest reduction in 
affinity for PI(4)P-containing LUVs (2600 fold). Substitution of other 4-phosphate 
interacting residues (Y532A, R541A, and Q608R) reduced affinity 150-280 fold, whereas 
substitution of the tandem threonines that contact the 1-phosphate (T611A/T612A; 2TA) 
or the tandem serines that contact the 4-phosphate and 5-hydroxyl (S620A/S621A; 2SA) 
reduced affinity by 31 and 10 fold, respectively. Mutation of headgroup-coordinating 
residues also disrupted or strongly impaired binding to dibutyl PI(4)P and/or Ins(1,4)P2 
(Figure 5-2), with similar overall trends in the ITC and SPR experiments. 
The affinity for PI(4)Pin LUVs decreased with increasing substitution of exposed 
leucines in the MIM (Figure 5-2). Single mutations (L610A and L617A) reduced affinity 
4-6 fold, whereas double (L614A/L615A; 2LA) and triple (L610A/L614A/L615A; 3LA) 
mutations reduced affinity by 91 and 440 fold, respectively (Figure 5-2). Stronger effects 
were observed for aspartic acid substitutions. Conversely, the effects on binding to 
dibutyl PI(4)P or Ins(1,4)P2 were negligible (L610A) or 1-2 orders of magnitude lower 
than the effects on association with PI(4)Pin LUVs (2LA, 3LA, L610D, and 
L614D/L615D; 2LD). Moderate cumulative effects of mutations in the MIM in the ITC 
experiments, which are more substantial for dibutyl-PI(4)P than Ins(1,4)P2, may be an 
indirect consequence of structural perturbations in α14; however, this possibility does not 
explain the much larger effects in the SPR experiments. These results demonstrate that 
the majority of residues contacting the headgroup contribute substantially to the affinity 
for PI(4)P and suggest that the exposed leucines in the MIM play an important role in 
high affinity binding to PI(4)P-containing membranes, likely by partitioning into the 
hydrocarbon core. 
 82 
 
Figure 5-1. Crystal structure of DrrA330-647 in complex with dibutyl PI(4)P 
Figure 5-1. Crystal structure of DrrA330-647 in complex with dibutyl PI(4)P. (A) 
Domain architecture of DrrA. (B) Overall view with the GEF and P4M domains colored 
as indicated and dibutyl PI(4)P depicted as spheres. Secondary structural elements are 
numbered starting with the first helix of the GEF domain. (C) Surface representation of 
the P4M domain colored according to electrostatic potential calculated with APBS 
(Baker et al., 2001). Dibutyl PI(4)P is shown as sticks. (D) View of the PI(4)P binding 
pocket with DrrA rendered as ribbons with a semitransparent surface. Dibutyl PI(4)P and 
side chains in the putative membrane insertion motif are shown as sticks. 
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Figure 5-2. Determinants of PI(4)P recognition and membrane targeting 
Figure 5-2. Determinants of PI(4)P recognition and membrane targeting. (A) 
Location of mutated residues (top) and abbreviations for multiple substitutions (bottom). 
(B) Affinities (KA) of wild type (WT) and mutant DrrA321-647 for PI(4)P-containing 
LUVs measured by SPR. Values and error bars are mean and S.D. (n = 2-4). 
 
5-3 Biphasic Responses of DrrA in Monolayer Insertion 
To explore the ability of DrrA to penetrate phospholipid membranes and assess 
the contribution of the MIM, monolayer insertion experiments were performed with WT 
DrrA and the K568A and 3LA variants. All results presented in the following except 
Figure 5-4 B were carried out in a buffer containing 10 mM HEPES, 150 mM KCl at 
pH6.8. This buffer is referred as a high salt buffer in contrast to a low salt buffer used in 
Figure 5-4 B which contains no KCl. Insertion of DrrA into DOPC lipid monolayers 
containing 20% PI(4)P shows two phases dictated by the initial surface pressure (Πi) 
(Figure 5-3 A). At low Πi and therefore low packing densities the equilibrium surface 
pressure (Πe) is independent of Πi, suggesting little effect of the lipid monolayer on the 
insertion of DrrA at the air/liquid interface. The surface pressure response at a low initial 
surface pressure is designated as Phase I of insertion (Figure 5-3 A). At higher pressures 
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(Phase II) the slope changes abruptly indicating a positive synergistic response of the 
lipid monolayer in promoting protein insertion, which might be explained by a change in 
anionic charge density and therefore surface potential of the lipid monolayer containing 
PI(4)P or by an increasing protein-protein interaction when inserted at high enough 
densities with constrained protein orientation.202 
The change in pressure (ΔΠ) calculated from the data in Fig. 5-3 A is plotted as a 
function of Πi in Fig. 5-3 B.  The biphasic behavior can be described by the following 
equation: 
,                                   (15) 
where k1 is a coefficient of phase I insertion that depends on the packing geometry of 
DrrA at the air-water interface203; k2 is a phase II insertion coefficient with a unit of 
(mN/m)-1 and values ranging from 0.01-0.03, which depends on both the binding affinity 
and the mechanical work done by DrrA; Πt is the transition surface pressure between 
phase I and II; Πm is the maximum penetration pressure of phase I insertion; Πc is the 
critical surface pressure of the system; Πs is the extrapolated surface pressure threshold at 
which the phase II insertion starts to occur. A value of Πs smaller than Πt suggests that 
the insertion mode in phase II happens before the transition surface pressure Πt is met, 
although below Πt it cannot be distinguished from the other insertion mode at Πi < Πt. 
This model for insertion in phase I is the same as that used in most monolayer insertion 
studies, but it also describes the surface pressure response in phase II once a threshold Πs 
!" =
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is reached. The pressure increase declines as Πi approaches Πc because more free energy 
is needed to insert the protein into the monolayer. 
 The difference between phase I and phase II insertion is first revealed by a 
fluorescence microscopy. The imaging studies were performed by doping the monolayers 
with 0.1 mol% Rho-DOPE which has no effect on DrrA insertion (Figure 5-3 B). Three 
monolayers with saturated DrrA WT inserted at different initial surface pressures were 
transferred onto coverslips using a Langmuir-Schaefer method and were examined under 
a fluorescence microscope. Monolayers with DrrA injected at 13, 30 and 42 mN/m are 
selected so the crosstalk between different insertion modes is minimized. Phase I 
insertion at 13 mN/m results in a formation of punctate non-fluorescing microdomains in 
a supported monolayer, which is otherwise not seen in the absence of DrrA (Figure 5-3 
C). Supported monolayers with DrrA injected at 30 and 42 mN/m are rather 
homogeneous (Figure 5-3 D&E). The bright spots in figure 5-3 E are most likely 
crystalized monovalent salts since the monolayer transferred at a high surface pressure is 
very hydrophilic due to a high surface charge density.  
Similar surface pressure changes induced by DrrA at three chosen initial surface 
pressures were observed using a Langmuir MicroTrough (Figure 5-4 A). The optical 
window underneath the MicroTrough allows us to take in situ fluorescence micrographs 
and therefore perform fluorescence recovery after photobleaching (FRAP) measurements 
on free-standing monolayers. FRAP measurements were carried out in the presence of 
saturated DrrA at different initial surface pressures. Three initial surface pressures were 
13, 30 and 42 mN/m as shown in figure 5-4 B, C and D, respectively. The representing 
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fluorescence micrographs at different time points are shown in figure 5-4 E-G.  The 
preliminary FRAP results suggest that the lateral diffusion of lipids is greatly hindered 
when DrrA insertion happens in the phase I regime, which is at 13 mN/m in this case, 
presumably by perturbing the lateral organization of the membrane. In contrast, a full 
recovery of the Rho-DOPC fluorescence is observed when DrrA is inserted either at 30 or 
42 mN/m, although the determined diffusion coefficient is still 2-3 orders of magnitude 
slower compare to the diffusion of lipid in monolayers free of proteins.204 Noticeably, a 
slower diffusion is observed at a high surface pressure, which is qualitatively consistent 
with a free volume theory.205,206  
Putting together, these results suggest that phase I insertion involves a lipid-
excluding membrane penetration which disrupts the lipid lateral organization and 
significantly reduces the mobility of the lipids, while there is no obvious change in the 
lateral structure of the membrane when DrrA is inserted at a phase II regime.  
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Figure 5-3. Biphasic surface pressure responses of DrrA in monolayer insertion 
Figure 5-3. Biphasic surface pressure responses of DrrA in monolayer insertion. (A) 
Biphasic insertion of DrrA is indicated by a slope change in a Πe vs. Πi plot (Inset: 
insertion time courses at different initial surface pressures; dotted lines are baseline-
corrected). (B) The same data set in panel A is replotted in terms of ΔΠ vs. Πi and is 
fitted by a model described in eq.15 (see text for details). (C-E) 20 mol% PI(4)P in 
DOPC doped with 0.1 mol% Rho-DOPE upon DrrA WT insertion were examined using a 
fluorescence microscopy after being transferred onto coverslips using a Langmuir-
Schaefer method. The monolayers were transferred at indicated experimental conditions 
as shown in panel B. The indicated surface pressure reflects the final surface pressure at 
which the monolayers were transferred. Subphase: 10 mM HEPES, 150 mM KCl, pH6.8. 
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Figure 5-4. Hindered lipid diffusion upon DrrA insertion at phase I, but not at phase II regime 
Figure 5-4. Hindered lipid diffusion upon DrrA insertion at phase I, but not at 
phase II regime. (A) The ΔΠ vs. Πi plot of DrrA WT insertion performed in a multiwall 
plate is confirmed using a Langmuir MicroTrough at initial surface pressures of 13, 30 
and 42 mN/m. (B-D) FRAP measurements were performed on these monolayers at 
indicated final surface pressures after maximal surface pressure changes are reached. (E-
G) Representing fluorescence micrographs at different time points in a FRAP study. The 
stripe in the background comes from sheared lipid-excluding non-fluorescing 
microdomains as shown in Figure 5-3 C due to pipetting.  
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5-4 Magnitude of phase II insertion depends on PI(4)P mole fraction 
Insertion of DrrA into PI(4)P-containing monolayers depends on the density of 
PI(4)P in the membrane (Figure 5-5 A). In phase I, an increase in the mol% of PI(4)P has 
no effect on the synergy factor but induces a parallel up-shift and therefore a higher ΔΠ0 
(y-intercept). When PI(4)P is not present, the magnitudes of ΔΠ in phase I decrease for 
WT and mutants and phase II insertion is eliminated. In phase II, ΔΠmax increases with an 
increasing PI(4)P mol%, yet DrrA insertion at both 3 and 20 mol% PI(4)P has the same 
Πc (~46 mN/m), suggesting that this upper limit results from a common generic factor, 
such as monolayer packing frustration. 
To determine whether the biphasic insertion of DrrA is PI(4)P-specific, insertion 
into PI(4,5)P2-containing monolayers was measured at two different PI(4,5)P2 densities. 
Insertion is dependent on the mole fraction of PI(4,5)P2 analogous to what was observed 
with PI(4)P-containing monolayers (Figure 5-5 B). The surface pressure responses in 
phase I are very similar between the two different lipid compositions; in phase II 
however, ΔΠmax decreases when PI(4,5)P2 substitutes for PI(4)P (Figure 5-5 B). This 
difference is consistent with binding specificity to phosphoinositide-containing liposomes 
(data not shown) and further supports the hypothesis that the insertion of DrrA into lipid 
membranes depends on stereospecific PI(4)P recognition and not solely on electrostatic 
attraction, which would be stronger for PI(4,5)P2. 
To test whether the biphasic feature of DrrA insertion into membranes is due to a 
change in physical state of the lipids as suggested in recent studies207,208, we used 
fluorescence microscopy and compressional elastic modulus analysis of a compression-
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area isotherm in PI(4)P-containing monolayers. Phase transition at Πt was not detected 
with either of these methods (data not shown). Thus, the transition surface pressure Πt in 
the DrrA monolayer insertion model represents the surface pressure at which phase I and 
phase II insertions have equivalent effects. 
 
Figure 5-5. The phase II, but not phase I, insertion of DrrA WT is PI(4)P-specific 
Figure 5-5. The phase II, but not phase I, insertion of DrrA WT is PI(4)P-specific. 
Monolayer insertion of DrrA at the indicated mole fractions of  (A) PI(4)P  and (B) 
PI(4,5)P2. 
 
5-4 Structural specificity of DrrA in membrane insertion 
Insertion of DrrA WT, K568A and 3LA into DOPC monolayers at a high salt 
condition was compared in the presence or absence of 20% PI(4)P (Figure 5-6 A). In the 
presence of PI(4)P, the three traces are similar in phase I with similar transition surface 
pressures (Πt). In phase II, the 3LA mutation lowers the magnitude of ΔΠ by 40% while 
the K568A mutation almost abolishes the insertion. Together with observations in Figure 
5-3 to 5-5, these results support an inference that the phase I insertion is a result of a non-
specific lipid-excluding membrane penetration while phase II insertion is due to a 
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specific binding to PI(4)P headgroups accompanied with a partial insertion of DrrA. The 
different surface pressure responses of DrrA and its mutant in the phase II regime suggest 
that a powerful insertion of DrrA into PI(4)P-containing membranes at a physiological 
surface pressure requires both the PI(4)P-binding domain (P4M) and membrane insertion 
motif (MIM), and the 4-phosphate recognition mediated by Lys568 is a prerequisite for 
MIM insertion since the insertion relies on a proper orientation of the proteins.  
The same experiments were also performed with a low salt buffer and a lower 
salinity promotes the insertion in both surface pressure regimes (Figure 5-6 B). The 
enhanced surface pressure change due to a lowered buffer salinity is more significant in 
phase II compare to in phase I regime considering that Πt are lowered in all three cases.    
 
Figure 5-6. Monolayer insertions of DrrA and its mutants in the presence or absence of PI(4)P at two different buffer salinities 
Figure 5-6. Monolayer insertions of DrrA and its mutants in the presence or absence 
of PI(4)P at two different buffer salinities. (A) Monolayer insertion of wild type (WT) 
DrrA and the K568A and L610A/614A/615A (3LA) mutants with and without 20 mol% 
PI(4)P in the lipid monolayer at a high salt buffer. (B) The same experiments performed 
with a low salt buffer. 
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Figure 5-7. Ca2+ perturbs DrrA insertion in a concentration-dependent manner 
Figure 5-7. Ca2+ perturbs DrrA insertion in a concentration-dependent manner. (A) 
Normalized Ca2+-dependent surface pressure change upon DrrA insertion at different 
initial surface pressures. (B) Overlay of Ca2+-inhibited DrrA insertion with Ca2+ affinity 
measurements determined by surface pressure titration (Inset: Insertion time courses of 
DrrA at different Ca2+ concentrations). 
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5-5 Ca2+ perturbs DrrA insertion in a concentration-dependent manner  
Since Ca2+ is likely to perturb the lateral distribution80,84,142,155 or the electrostatic 
charge of PI(4)P209, and changes in intracellular Ca2+ are often involved in vesicle 
trafficking, the effect of Ca2+ on DrrA insertion was examined. Surface pressure changes 
at 15 mN/m and 30 mN/m (±0.1 mN/m) were selected to represent DrrA insertion in 
phase I and phase II, respectively. Membrane partitioning of DrrA by itself without lipid 
monolayers was also studied. Only DrrA insertion in phase II appears to be strongly 
Ca2+-sensitive (Figure 5-7 A). Ca2+-inhibited monolayer insertion at 30 mN/m is 
consistent with the apparent Ca2+ affinity measurement (KD,Ca = 0.82 ± 0.06 mM) 
determined by surface pressure titration at the same lipid composition and surface 
pressure, suggesting that Ca2+-inhibited insertion mainly results from changes in lipid 
configurations, but not protein conformation (Figure 5-7 B). Although Ca2+ at its 
physiological concentration (<10 µM) does not affect DrrA insertion in vitro in this 
simplified system, an effect in vivo can not be excluded given that Ca2+ affinity to a 
PI(4)P-containing membrane depends on the surface potential of the membrane, which is 
governed by the local concentrations of PI(4)P and other anionic lipids.50,84,210 
5-6 Summary  
In summary, our results suggest that the insertion of DrrA into membranes at low 
lipid densities results from lipid-excluding penetration of the protein to the air/water 
interface, which is relatively non-specific but still weakly responsive to the addition of 
PI(4)P or PI(4,5)P2. In contrast, insertion at high lipid densities characteristic of cellular 
membranes requires PI(4)P headgroup binding as well as residues in the MIM, and is 
sensitive to the Ca2+-induced change in PI(4)P lateral organization. In contrast to 
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monolayer penetration studies of many other phosphoinositide binding proteins, this is 
the first case to the best of our knowledge in which phosphoinositide specific binding can 
be isolated from non-specific membrane penetration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 95 
Chapter 6 - Cholesterol-dependent Phase-demixing in Lipid 
Bilayers as a Switch for the Activity of the Phosphoinositide-
binding Cytoskeletal Protein Gelsoline 
 
The lateral distribution of PIP2 in lipid bilayers is affected both by divalent cation-
mediated attractions and cholesterol-dependent phase demixing. These effects on PIP2-
protein interactions are explored with a protein functional assay using gelsolin. However, 
the fact gelsolin is activated only at the presence of N-terminal fragment of gelsolin 
(NtGSN) that severs actin in a Ca2+-insensitive manner (Figure 6-1). The interaction 
between PIP2 and NtGSN is evaluated with an actin-severing functional assay. NtGSN is 
inhibited by PIP2-containing large unilamellar vesicles (LUVs) to different degrees which 
greatly depends on the lateral organization of the lipids (Figure 6-2). When PIP2 mole 
fraction is held constant, at either 5% or 15%, the inhibition is largely enhanced by 
formation of liquid disordered/liquid ordered phases as either cholesterol content or 
temperature is altered (Figure 6-3). The effect of Ca2+ on PIP2-NtGSN interactions is 
minimal since Ca2+-induced changes in PIP2 lateral organization as revealed by energy 
transfer studies does not occur at submillimolar Ca2+ with physiological concentration of 
Mg2+ in an actin-polymerizing buffer (F-buffer) (Figure 6-4). The inhibition induced by 
demixed LUVs declines with increasing temperature, coincident with changes in bilayer 
structure as detected by Laurdan fluorescence (Figure 6-5). This result further supports 
the hypothesis that PIP2-mediated inhibition of gelsolin function is subject to changes in 
the lateral distribution of PIP2 and not only by changes in PIP2 concentration. One 
                                                
e Parts of this chapter are adapted from a submitted manuscript: Wang, Y.-H. and Janmey, P. A. Cholesterol-dependent 
Phase-demixing in Lipid Bilayers as a Switch for the Activity of the Phosphoinositide-binding Cytoskeletal Protein 
Gelsolin. 
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implication of these results is that cholesterol- or temperature-dependent formation of 
nano scale domains or clusters in the cell membrane can activate or inactivate gelsolin 
and perhaps other PIP2-regulated proteins in the absence of changes in the bulk 
concentration of PIP2.  
 
Figure 6-1. The severing of F-actin mediated by full-length gelsolin is Ca2+-sensitive, but not for its amino terminal half 
Figure 6-1. The severing of F-actin mediated by full-length gelsolin is Ca2+-sensitive, 
but not for its amino terminal half.  (A) Full-length gelsolin (GSN) from human blood 
plasma is activated in the presence of Ca2+ and it facilitates the initial rate of actin 
depolymerization in a concentration-dependent manner by creating more free pointed 
ends of the F-actin. (B) The carboxyl terminal half of GSN (CtGSN) shows not severing 
activity. (C) The amino terminal half of GSN (NtGSN) retains the severing activity which 
no longer depends on the presence of Ca2+. (D) Representative data of actin 
depolymerization in the presence of NtGSN at different concentrations. The red lines are 
single exponential decay fittings as described in section 2-4-3.  
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6-1 NtGSN Severing Inhibition by PIP2 is Sensitive to Lipid Phase-demixing 
PIP2-induced inhibition of NtGSN severing was studied by monitoring the initial 
disassembly rate of pyrene-F-actin at room temperature after its reaction with gelsolin 
that had been pre-incubated with PIP2-containing vesicles (Figure 6-2 A-D). Vesicles 
were prepared with either 5% or 15% PIP2 and different concentrations of cholesterol, 
dioleoylphosphatidylcholine and dipalmitoylphosphatidylcholine that have been well 
documented211 to form fully mixed bilayers (LUV B) or in which liquid ordered and 
liquid disordered phases for to different extents (LUV A, C, and D) as shown in the phase 
diagram in Figure 6-2 E.  
The severing inhibition of NtGSN induced by LUV A and LUV B are 
significantly different even though the PIP2 mole fractions are the same (Figure 6-2 
A&B). The incorporation of DChol and DPPC in LUV A induces the liquid-ordered (Lo) 
and liquid-disordered (Ld) phase separation at room temperature211 and PIP2 is 
presumably concentrated in the Ld phase in LUV A.142 The contrast between LUV A and 
LUV B shows that PIP2-NtGSN interaction is sensitive not only to the global 
concentration, but also local concentrations of PIP2.  
Reducing PIP2 mole fraction from 15 to 5 mol% under the same demixed 
condition significantly decreases but does not eliminate the capacity of PIP2 to inhibit 
NtGSN (Figure 6-2 A&C). The inhibition capability of PIP2 in LUV C which contains a 
larger fraction of the Ld phase is restored by replacing 10 mol% DOPC with DPPC. An 
enhanced phase separation is expected following a lever rule in a phase diagram as the tie 
lines of this specific system were characterized previously (Figure 6-2 E).212 PIP2 in LUV 
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D is therefore expected to be further concentrated in the Ld domains with a smaller area 
coverage fraction compared to that in LUV C. The difference in their lateral organization 
of LUV C and LUV D is reflected in their abilities to inhibit NtGSN-mediated actin 
severing (Figure 6-2 C&D).  
The inhibition of NtGSN using different PIP2-containing LUVs is further 
quantified by the changes in the initial depolymerization rate of actin (Figure 6-3 A&B). 
The normalized severing activities reflect the ratio between free and bound NtGSN. The 
fact that PIP2 concentration is 2-3 orders of magnitude higher than NtGSN concentrations 
allows one to deduce the membrane association constants (Figure 6-3 C&D). The 
measurements performed at 0.2 mM Ca2+ are similar to those at 1mM EGTA and are 
therefore only summarized in Figure 6-3 C&D. 
6-2 Effects of Divalent Cations on LUVs Sizes and Lipid Phase-partitioning  
Potential changes in vesicle structure induced by divalent cations were further 
investigated by dynamic light scattering (DLS) and fluorescence resonance energy 
transfer (FRET). LUV D is chosen for these studies because its PIP2 content is at a 
physiologically relevant mole fraction and yet the severing inhibition by LUV D is 
significant at room temperature. Cation-induced vesicle aggregation was examined by 
DLS at different Ca2+ and Mg2+ concentrations, respectively (Figure 6-4 A). The vesicle 
sizes of LUV D are not significantly changed by Ca2+ at 150 mM KCl throughout all Ca2+ 
concentrations  tested.  Mg2+ induces  significant  aggregation  of  the  vesicles  at  above 
millimolar concentrations with more than 95 % mass of the vesicles present in an 
aggregated form. Divalent cation-induced aggregation of LUV D is also evaluated at 
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different temperatures since LUV D was used for a temperature-dependent study of 
gelsolin inhibition. LUV D does not aggregate in an F-buffer at most temperatures tested 
(Figure 6-4 A, inset). Very few large aggregates with negligible mass fractions were 
found at temperatures higher than 45°C. Lowering the temperature reverses the formation 
of vesicle aggregation. A similar but more obvious effect is observed using PIP2 micelles 
(data not shown).  
Divalent cation-dependent changes in phase partitioning of PIP2 and DChol were 
investigated by SP-FRET as shown in Figure 6-4 B. The energy transfer efficiency 
decreases significantly as Ca2+ concentration increases, suggesting that Ca2+ promotes 
further demixing between labeled PIP2 and cholesterol in a phase-demixed membrane. In 
contrast, the decrease in energy transfer efficiency induced by Mg2+ is less discernible 
and the presence of 2 mM Mg2+ in an F-buffer suppresses Ca2+-induced changes in 
energy transfer efficiency. The measured FRET efficiency in LUV D increases with 
rising temperature (Figure 6-4 B, inset) and it follows the phase transition of the 
membrane as shown by Laurdan GP (Figure 6-5 C). 
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Figure 6-2. Severing inhibition induced by PIP2-containing LUVs. (A-D) 
Representative intensity profiles of actin depolymerization at 1 mM EGTA in the 
presence of PIP2-containing LUVs at various concentrations. The representative data  
fitting is shown in panel A. The corresponding lipid compositions of LUV A to D are 
indicated in panel E. (E) Phase diagram of ternary lipid mixtures and LUVs with 
indicated lipid compositions. Image (E) is adapted with permission from Biophysical 
Journal 2003, 85, 3074-3083. Copyright 2003 The Biophysical Society. 
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Figure 6-2. PIP2-dependent inhibition of NtGSN and the corresponding affinity constants quantified from the initial rate of depolymerization 
Figure 6-3. PIP2-dependent inhibition of NtGSN and the corresponding affinity 
constants quantified from the initial rate of depolymerization. (A&B) PIP2 
concentration-dependence of different LUVs in NtGSN severing inhibition at 1 mM 
EGTA at pH7.0. Experiments  performed with 0.2 mM Ca2+ is similar to those at 1mM 
EGTA and are therefore omitted (B) The deduced association constants in correspond to 
the normalized severing activities.   
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6-3 Severing Inhibition induced by Demixed LUVs is Temperature-dependent  
In order to verify the hypothesis that the inhibition of NtGSN severing activity is 
subject to changes in PIP2 local concentration, the severing inhibition of NtGSN induced 
by LUV D at 54 µM PIP2 was examined at different temperatures between 11 to 51°C.  
Because cholesterol-mediated phase demixing is temperature dependent, LUV D at low 
temperature should be maximally demixed, and become fully mixed at high 
temperatures.213 The initial actin disassembly rates in the absence of LUV D are first 
studied at different temperatures to set up the upper and lower limit of severing activities 
with and without NtGSN, respectively. The temperature-dependent inhibition of NtGSN 
by phase-demixed LUV D is then investigated at different temperatures. LUV D nearly 
completely inhibits NtGSN activity at 11°C while LUV D-dependent inhibition of 
NtGSN declines significantly with an increasing temperature. The changes in LUV D-
induced severing inhibition are normalized as shown in Figure 6-5 B. The question 
whether the enhanced inhibition of NtGSN at a low temperature is reversible is tested by 
the same assay with a slightly modified procedure. Another 4 min incubation at 51°C was 
carried out after their initial incubation at designated temperatures. As a control, the 
resulted severing activity is compared to that of a sample incubated at 51°C for 8 mins. 
The severing activity of NtGSN in the presence of LUV D at 11°C is fully restored by 
incubating at a higher temperature. This result suggests that the severing inhibition of 
NtGSN by PIP2-containing membranes is not only temperature-dependent, but also 
reversible. The temperature-dependent changes in inhibition are due to differences in the 
lipids and not the proteins, because in contrast to the effects of temperature on LUV D 
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the severing inhibition induced by PIP2 micelles a similar inhibiting capability does not 
change with increasing temperature (Figure 6-5 B).  
Similar to the data analysis performed in Figure 6-5 C&D, the temperature-
dependence changes in NtGSN severing activity are converted into association 
equilibrium constants (KA) as a function of temperature. The change in free energy upon 
binding to PIP2-containing LUV D can be calculated base on the simple relation:  ∆!! = −!"#$%!                                                  (15) 
The fact that lnKA is linearly dependent on 1/T (Figure 6-5 B, inset) allows one to extract 
the thermodynamic parameters ΔH° and ΔS° with a van’t Hoff equation:  !"!! = !∆!!!" + ∆!!!                                                  (16) 
The ΔG° is -5.7 kcal/mol while ΔH° and ΔS° are -17.0 kcal/mol and -36.2 cal/molK, 
respectively.  
6-4 Fraction of Severing Inhibition Correlates with Membrane Order  
The temperature-dependent changes of order parameters in LUV D were 
investigated using Laurdan GP. Successful incorporation of Laurdan is confirmed by 
showing that pure DPPC LUVs have a melting temperature at about 40°C (Figure 6-5 
C).136,137 The membrane order of LUV D, with or without PIP2, does not vary with the 
presence of divalent cations as used in the F-buffer and are therefore pooled together. The 
phase transition in LUV D, which corresponds to a mixing of Lo and Ld phases, is less 
discernible  compared   to   a  gel-to-liquid  phase  transition  in  pure  DPPC  LUVs.  The 
incorporation of 5 mol% PIP2 further smoothes out the phase transition in LUV D (Figure 
6-5 C). The almost linear temperature-dependent changes in  Laurdan  GP  correlate  well 
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Figure 6-3. The effects of divalent cations and temperature to the size of vesicles and the lateral organization of the membrane 
Figure 6-4.  The effects of divalent cations and temperature to the size of vesicles 
and the lateral organization of the membrane. (A) Concentration-dependent changes 
in vesicles sizes induced by Ca2+ and Mg2+. The percentages indicate the mass fraction of 
the aggregations. (inset) The size dependence of LUV D in an F-buffer measured from 
high to low temperatures. (B) Concentration-dependent changes in SP-FRET efficiency 
of BODIPY TMR-PIP2 and Topfluor-Chol induced by Ca2+ and Mg2+. Ca2+-induced 
changes in FRET efficiency are inhibited by the presence of 2 mM Mg2+. (inset) FRET 
efficiency of the same probe pair in LUV D increases with increasing temperature in an 
F-buffer.  
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Figure 6-4. Temperature-dependent severing inhibition induced by LUV D correlates with the changes in membrane order 
Figure 6-5. Temperature-dependent severing inhibition induced by LUV D 
correlates with the changes in membrane order. (A) Severing inhibition of 31 nM 
NtGSN in the presence of LUV D at 54 µM effective PIP2 at various temperatures. The 
initial disassembly rates of actin in the absence of LUV D are fitted by an Arrhenius 
equation as shown with the dotted lines. (B) Normalized severing activity of NtGSN 
inhibited by LUV D from panel A or by PIP2 micelles at various temperatures. Gary 
circles represents data collected with an additional 4 min incubation at 51°C. (inset) 
NtGSN-PIP2 interactions at different temperatures fitted with a van’t Hoff equation. (C) 
Temperature-dependent changes in Laurdan GP of pure DPPC LUVs and LUV D with or 
without PIP2 in an F-buffer. The data are mean values of three different samples, and the 
uncertainties are the standard deviations, not shown if they are smaller than the symbols. 
λex= 360 nm. (D) The temperature-dependence of normalized severing inhibition, defined 
as the difference from 100% severing activity, correlates well with the changes in 
membrane order in LUV D.  
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with the temperature-dependent changes in the severing inhibition of NtGSN (Figure 6-5 
D). 
6-5 Discussion 
Varying the lateral distribution of PIP2 in sub-micron sized mixed lipid bilayer 
vesicles has a strong effect on the ability of PIP2 to inhibit gelsolin, one of the most 
abundant PIP2-regulated cytoskeletal proteins.  The results suggest that it is the local PIP2 
concentration in nano-scale domains, other than the overall PIP2 mole fraction, that 
determines the interaction of PIP2 with its target binding proteins. Equivalently, this 
result suggests that PIP2-binding proteins can be regulated by locally perturbing the PIP2 
lateral organization without changing the overall lipid composition. 
To validate the data analysis for the actin filament-severing assay, the model 
fitting of a fluorescence decay is discussed in more detail. First, the fluorescence time 
courses are well fitted by single exponential decay as shown in Figure 6-2 A (yellow 
dotted line). The observed rate constant k1 from single exponential fitting reflects the rate 
constants of an actin monomer dissociates from actin filaments, which is linearly 
proportional to the pointed end concentration and is about the same as the NtGSN 
concentration (data not shown). The fact that the fluorescence time courses can be fitted 
by single exponential decay suggests that the association and severing of NtGSN are not 
captured with this setup and are happening within the first few seconds after mixing. The 
argument is in agreement with the association and severing kinetics of GSN determined 
in the presence of phalloidin, which stops the depolymerization of actin filaments after 
severing, using stopped flow.214 The determined association, dissociation and severing 
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rate constants are 1.8 ×107 M-1s-1, 0.4 s-1, and 0.27 s-1, respectively, while similar values 
were reported with the N-terminal half of gelsolin.215 The apparent rate constant of 
severing, which depends on the above mentioned rate constant and the NtGSN 
concentration, can be calculated.214 The corresponding time constant suggests that 63% 
of the severing is completed within 5.5 seconds after F-actin is mixed with 31 nM 
NtGSN.  
The temperature variation experiments used to test the effects of lipid demixing in 
vesicles of constant composition can also be used to extract information about the 
thermodynamics of actin monomer dissociation from the pointed end of gelsolin-capped 
filaments. The extracted rate constants from single exponential decay at different 
temperatures allow us to evaluate the energy barrier for a G-actin monomer to dissociate 
from F-actin pointed ends based on the classic Arrhenius plot in which the activation 
energy is determined by the slope from a linear fit.  
!"!! = − !!! !! + !"#                                              (17) 
The determined activation energy in the absence of NtGSN is 6.3 kcal/mol (data 
not shown), similar to the value of 6.5 kcal/mol that was reported in earlier studies.216 Its 
physical meaning is however difficult to evaluate because k1 also depends on the filament 
length distribution, which follows an exponential distribution.217,218 Interestingly, the 
slope of an Arrhenius plot does not change in the presence of NtGSN (data not shown). 
This result fits well into the picture that NtGSN facilitates actin disassembly by 
generating more free pointed ends through severing, but not by facilitating G-monomer 
dissociation. 
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The degrees of gelsolin inhibition by demixed or uniphase unilamellar vesicles 
with the same PIP2 mole fractions can be very different. The inhibition is very limited 
when PIP2 is randomly mixed as in single phase vesicles such has LUV B compared to 
LUV A on which PIP2 is concentrated in Ld phase domains, even though as high as 15 
mol% PIP2 was incorporated in both LUVs (Figure 6-3 A). The corresponding KD for 
PIP2 binding to NtGSN in LUV B falls out of the range in which the interactions are 
likely to be physiologically relevant (Figure 6-3 C).  An enhanced PIP2-NtGSN 
interaction without varying PIP2 mole fraction can be achieved by introducing Lo/Ld 
phase separation in the membrane. The KD for gelsolin and LUV A is 15 µM and is about 
30 fold lower in contrast to that of LUV B.   The magnitude of the differences in binding 
of gelsolin to PIP2 in mixed or demixed membranes is large enough for that actin binding 
and severing activity at the cytosol/membrane interface can be switched on or off simply 
by changes in the structuring of the membrane bilayer. 
When the PIP2 mole fraction is lowered from 15 mol% (LUV A) to 5 mol% (LUV 
C), the KD increases by an order of magnitude. This result is reasonable since the 
dissociation constant is a function of membrane surface potential.50,219 A more than 10 
fold decrease in binding affinity is expected since the surface potential is proportional to 
the surface charge density at low surface potential.52 The impaired binding due to a 
lowered PIP2 mole fraction can be rescued by increasing the mole fraction of saturated 
lipids in the vesicles (Figure 6-2 D). As shown in Figure 6-2 E, LUV D is more close to 
the phase boundary than LUV C, and this difference implies a more condensed packing 
of PIP2 since the area fraction of the Ld phase would further decrease based on the lever 
rule. Therefore, the interactions between PIP2 and PIP2-binding proteins can be regulated 
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through a perturbation in PIP2 lateral organization without varying the overall PIP2 
concentration at a near-physiological condition.   
Since Ca2+ also causes local concentration of PIP2 into 100 nm scale 
clusters84,142,155, and affects the phase partitioning of PIP2 (unpublished data) in model 
membranes the possible effect of Ca2+ on PIP2-NtGSN interaction was also investigated. 
However, the addition of Ca2+ only slightly increases the affinity of PIP2 for NtGSN in all 
cases tested (Figure 6-3 C&D). A possible difference between Ca2+-mediated and Lo/Ld 
separation mediated concentration of PIP2 is that the Ca2+-induced clusters have lower net 
charges because of the concentration of Ca2+ together with PIP2 in these clusters.220  
Since Ca2+ and Mg2+ are known to induce PIP2 micelle aggregation221 and 
promote vesicle fusion of anionic lipid-containing LUVs222-226, it is therefore important to 
test whether PIP2-containing vesicles aggregate in the presence of divalent cations. LUV 
D does not aggregate in an F-buffer although LUV D is prone to aggregate in the 
presence of millimolar Mg2+. This result implies that a competitive binding of Ca2+ to 
PIP2 inhibits Mg2+-induced aggregation since Ca2+ does not promote vesicle aggregation 
even at a higher concentration (Figure 6-5 A). The fact that the formation of large 
aggregates of LUV D at higher temperature can be reversed by lowering the temperature 
suggests that it might be a result of enhanced electrostatics between divalent cations and 
PIP2 due to a lowered dielectric constant at higher temperatures.227  
The effect of Ca2+ on PIP2 lateral organization in a phase-demixed membrane was 
examined in more detail using SP-FRET in order to determine the extent to which PIP2 
segregates from other lipids. The fact that FRET efficiencies decrease with increasing 
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Ca2+ concentration (Figure 6-4 C) suggests that PIP2 molecules are not completely 
separated from cholesterol during Lo/Ld phase segregation, which is confirmed also using 
SP-FRET by showing the FRET efficiency increases with rising temperature (Figure 6-4 
D). Ca2+ promotes further demixing of PIP2 from cholesterol at a millimolar 
concentration whereas Mg2+ has a very limited effect on demixing. Ca2+-induced FRET 
efficiency change is inhibited by Mg2+ as shown in Figure 6-4 C and Mg2+ has been 
suggested to compete with Ca2+ in binding to PIP2 with similar binding affinities.84 These 
results together explain why the presence of Ca2+ has a minimal effect on PIP2-NtGSN 
interactions. 
The conclusion that PIP2-NtGSN interaction is affected by cholesterol-induced 
changes in PIP2 lateral organization is further confirmed by the temperature-dependence 
of PIP2-inhibited NtGSN severing using phase-demixed LUV D. The phase transition 
temperature of macroscopic Lo/Ld phase mixing is estimated to be between 25 and 
30°C213, which is spanned by the temperature range shown in Figure 6-4.  The result that 
severing inhibition induced by LUV D is reversible and temperature-dependent supports 
the hypothesis that PIP2-NtGSN interaction depends on the lateral distribution of PIP2 in 
the membrane. Performing the same experiments with pure PIP2 micelles is an important 
control to rule out the possibility that the interactions between PIP2 and NtGSN are 
weakened by increased thermal fluctuation at higher temperatures. The level of NtGSN 
inhibition induced by PIP2 micelles at 25 µM PIP2 is just enough to fully inhibit NtGSN 
at room temperature228 as confirmed by our study (not shown), and this inhibition 
efficiency remains unchanged throughout the temperature range tested. As a result, a 
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weakened interaction due to thermal fluctuation with increasing temperature cannot 
account for the impaired interaction between NtGSN and PIP2-containing LUV D.  
After converting the percent severing efficiencies in Figure 6-5 B into association 
constants, the van’t Hoff plot of Figure 6-5 B (Figure 6-5 B, inset) shows a linear 
correlation between the lnKA and 1/T. A linear dependence in a van’t Hoff plot with a 
positive slope suggests that the association of NtGSN with PIP2 is an exothermic process 
with a constant enthalpy change that is independent of the temperature. A constant 
enthalpy change for NtGSN in binding to PIP2-containing membranes throughout the 
temperature range tested is not expected. While the membrane association of NtGSN is 
most likely driven by electrostatics, the enthalpy changes from its electrostatic 
component are expected to be different before and after phase transition occurs since the 
resulting local PIP2 concentration would be different. This puzzle is rationalized by the 
fact that the phase transition of this specific phase-demixed membrane is too shallow and 
the resulting temperature-dependence of the transition is almost linear (Figure 6-5 C), as 
discussed below.  
In order to relate the temperature-dependent changes in severing inhibition with 
the phase behavior of the lipids, Laurdan GP was used to probe the changes in physical 
state of the membrane. The phase transition temperature is much less discernible when 
Laurdan GP is measured with LUV D either with or without PIP2 compared to the 
transition with DPPC LUVs. The incorporation of PIP2 further smoothed out the phase 
transition, which then appears to depend almost linearly on the temperature within the 
temperature range tested. A good correlation is found between severing and membrane 
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order using LUV D, further supporting the hypothesis that perturbing lateral distribution 
of PIP2 is sufficient to affect PIP2-NtGSN interactions. 
6-6 Conclusion 
The results shown in this chapter demonstrate that the interactions between PIP2 
and NtGSN are sensitive to PIP2 local concentrations in bilayers and therefore are subject 
to changes in PIP2 lateral organization at physiological ionic conditions. Cholesterol-
dependent phase-demixing greatly enhances PIP2-NtGSN interaction at a fixed PIP2 mole 
fraction. The interactions between NtGSN and PIP2 in demixed membranes decrease with 
increasing temperature to an extent that depends on the extent of lipid mixing. Together 
these results imply that a dynamic regulation of gelsolin and perhaps other PIP2-
regulated proteins can be achieved by locally perturbing the PIP2 lateral distributions in 
the cell membrane without varying the overall PIP2 concentrations. 
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Chapter 7 - Conclusions and Future Directions 
 
Despite their being among the most highly anionic species in the cell membrane, 
the distribution of PPIs, and especially PIP2 is not dominated by electrostatic repulsions 
that would tend to keep them separated and uniformly distributed.   Instead a range of 
attractive interactions involving hydrogen bonds and binding to multivalent counterions 
can organize them into clusters, change the orientation of their headgroups, and alter their 
effective area.  All of these changes in physical state can impact membrane curvature, 
surface potential, fluidity, and docking of proteins to the cytoplasm/membrane interface.   
A coarse-grained 2-D model that accounts for repulsions between PIP2 within the 
membrane and attraction to divalent cations modeled as rigid discs is in good agreement 
with experimental data that quantify the levels of PIP2 net charge and counterion density 
required for the system to phase de-mix. The interaction of PIP2 with divalent and 
multivalent cations, however, does not appear to be explained by electrostatic interactions 
alone. The model incorrectly predicts full phase transition and cannot account for the 
large differences in the potential of different divalent metal ions to induce PIP2 clustering.  
While Ca2+ and Mg2+ are shown to bind to PIP2-containing monolayers with 
similar affinities, which supports the model that the binding is electrostatically driven, 
Ca2+ and Mg2+ show very different effects on surface pressures and PIP2-rich cluster 
formation. Ca2+ has a strong condensing effect on PIP2-containing membranes that 
coincides with appearance of nm-scaled clusters as evidenced by the result from 
fluorescence, atomic force, electron microscopies and FRET measurements. In contrast, 
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Mg2+ has a much weaker effect on both monolayer surface pressure and cluster formation 
whereas polyamines expand, rather than condense, PIP2-containing monolayers. Similar 
differences among multivalent cations are observed when measuring PIP2 diffusivities in 
membranes at different ionic conditions. Their difference in inducing PIP2 cluster 
formation is most likely explained by their difference in dehydration enthalpy, as shown 
in the ATR-FTIR studies. This proposed mechanism is supported by a recent simulation 
studies.56  
It is worth noting that the three naturally occurring PIP2 isomers are shown to 
have different preferential binding of Ca2+ and Mg2+ as revealed by surface pressure 
measurements. This finding provides a new insight when considering their highly distinct 
biological functions on a physical chemical basis.  
Clustering of PIP2 has been proposed to help regulate its biological activities, and 
three different super resolution microscopy studies have shown PIP2-rich domains of 
diameter less than 100 nm and relatively narrow size distribution that closely resemble 
the structures formed by purified PIP2 and Ca2+ in lipid monolayers.15,17,18 While 
questions regarding how the in vitro data relate to the clustering of PIP2 in the cell remain 
to be determined, it is demonstrated as a first step that the monolayer insertion of DrrA, a 
PI(4)P- and PI4,5P2-binding protein, is perturbed by adding Ca2+, as Ca2+ presumably 
changes the lateral packing geometry of PI(4)P.155 This result is built on a unique 
biphasic monolayer insertion of DrrA, which allows us to separate phosphoinositide 
specific binding from non-specific membrane penetration. Such biphasic insertion, to the 
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best of our knowledge, is the first case reported among many other phosphoinositide-
binding proteins in similar studies.  
While Ca2+-induced clustering is not the only factor that affects the lateral 
distribution of PIP2, we also looked into the influences of cholesterol-mediated lipid 
phase segregation on protein-PIP2 interactions. NtGSN-mediated actin severing at a 
physiological ionic condition is inhibited by PIP2-containing LUVs to different degrees, 
which depend on the local concentrations of PIP2 in a bilayer membrane. Cholesterol-
dependent phase-demixing greatly enhances PIP2-NtGSN interaction at a fixed PIP2 mole 
fraction. The interactions between NtGSN and PIP2 in demixed membranes decrease with 
an increasing temperature, and such trends correlate well with a decreasing membrane 
order. These results imply that a dynamic regulation of gelsolin and perhaps other PIP2-
regulated proteins can be achieved by locally perturbing the PIP2 lateral distributions in 
the cell membrane even without changes in lipid synthesis or degradation. 
All together, the physical chemistry of PIP2 and its interaction with counterions 
revealed in this thesis improve our understanding regarding how PIP2 presents in a 
membrane at physiological ionic conditions, which is closely relevant to its mediated 
biological functions. The assays presented in Chapter 5 and 6 provide useful platforms to 
effectively evaluate PIP2-protein interactions in the presence of Ca2+- or cholesterol-
mediated perturbations in PIP2 lateral structures, and they are definitely worth more 
investigation. 
The following sections are directions for future research proposed based on the 
research presented in this thesis with some preliminary results. 
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7-1 Actin Assembly on Supported Monolayers with Ca2+-induced PIP2 Clusters 
In order to gain a deeper insight into protein-PIP2 interactions in the presence of 
Ca2+- or cholesterol-mediated perturbation in PIP2 lateral organization, we propose to 
investigated actin assembly on supported monolayers using bovine brain extracts. This 
approach allows a direct observation of the spatial correlation between PIP2-binding 
proteins and PIP2 nano-clusters on supported monolayers using a fluorescence 
microscopy. Since PIP2 serves as a membrane anchor/activator for several nucleation 
promoting factors (NPFs) such as N-WASP229, WAVE2230 and mDia1&2231, the lateral 
distribution of actin assembled on a supported lipid monolayer reflects the lateral 
distribution of PIP2 since it determines where actin is assembled at the membrane/extract 
interface. A protein functional assay as an imaging tool is desirable since the 
interpretation is straightforward and it is independent of fluorescent PIP2 analogs and is 
therefore freed from potential artifacts of using fluorescent lipid analogs.  
As a pilot study in collaboration with Dr. ChangSong Yang and Prof. Tatyana 
Svitkina in the Department of Biology at PENN, we show that Ca2+-induced PIP2 
clustering in the absence of cholesterol-mediated phase demixing promotes actin filament 
assembly (Figure 7-1 A&B). Different actin filament densities observed on Ca2+-treated 
or no Ca2+-treated monolayers is not because of Ca2+ itself, but due to Ca2+-induced re-
distribution of PIP2 in the membrane, since 5 mM EGTA is included in the cell extract 
buffer, after the lipid monolayers are fixed on a solid support. In the Ca2+-treated 
monolayers, some actin filaments were found to attach to round, disk-like structures 
observed in electron micrographs (Figure 7-1 C-E). Meanwhile, long and unbranched 
actin filaments were also more frequently found in Ca2+-treated monolayers (Figure 7-1 
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F). Although EM provides no direct evidence that these round disk-like structures are 
indeed Ca2+-induced PIP2 clusters, the size of such structures (~96 nm in diameter as 
shown in Figure 7-1 C) fall within the same size distribution of PIP2 clusters (84±24 nm 
in diameter) with samples prepared under the same condition as characterized by AFM 
(see Figure 4-6 F).  In the absence of Ca2+ no such clusters have been observed. 
 
Figure 7-1. Ca2+-promoted actin assembly on supported monolayer and correlated fluorescence and electron microscopy of demixed membranes 
Figure 7-1. Ca2+-promoted actin assembly on supported monolayer and correlated 
fluorescence and electron microscopy of demixed membranes. Actin assembly on 
PIP2/DOPC monolayers (A) without and (B) with the presence of Ca2+. (C-E) Disk-like 
structures found under EM with actin filament attached. (F) Long, unbranched actin 
filaments are more frequently found on Ca2+-treated supported monolayers. 
7-2 Actin Assembly on Phase-demixed Monolayers with Ca2+-induced Perturbations 
The actin assembly assay on supported monolayers provides an imaging-based 
platform for examining PIP2-protin interactions. A natural next step is to investigate the 
actin assembly on phase-demixed supported monolayers in the presence of Ca2+-mediated 
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perturbation. The assembled actin was homogeneously distributed over the surface on 
demixed monolayers transferred at 150 mM KCl in the absence of Ca2+ (Figure 7-2 
A&C). In contrast, actin filaments were concentrated in  the Ld phase as evidenced by the 
partitioning of Rho-DOPE, on a monolayer transferred in the presence of 1 mM Ca2+ 
(Figure 7-2 B&D). Since the brain extract is supplement with 5 mM EGTA to inhibit the 
activity of Ca2+-dependent proteases, trace amounts of Ca2+ carried over from transferring 
were removed by EGTA and therefore the ionic conditions and the lipid compositions for 
both samples are the same. The only difference would result from Ca2+-induced 
perturbation of PIP2 lateral distribution. Notably, the Ca2+-induced perturbation in PIP2 
lateral structure is not reversed by the presence of EGTA. Further quantitative image 
analysis revealed that the phalloidin fluorescence intensity per unit area in the Lo domain 
is 80 % lower compared to that in the Ld background for the Ca2+-treated monolayer 
while the filament densities on the monolayer that was free of Ca2+ are not significantly 
different in the Lo and Ld phases (Figure 7-2 E).  
Two possible scenarios are proposed to rationalize our preliminary observations 
with different filament distributions on different treated supported monolayers:  The 
partitioning of PIP2 is either excluded from the Lo phase in the presence of Ca2+ or PIP2 is 
“silenced” upon Ca2+ adsorption for protein activation. In order to better distinguish the 
two, we further investigated Ca2+-dependent changes of PIP2 phase partitioning in a 
phase-demixed monolayer using fluorescent PIP2 analogs.  To address the concern that 
the fluorescent PIP2 analogs may not fully represent native PIP2 in phase partitioning, a 
complementary surface potential imaging study using the Kelvin Probe Force 
Microscopy (KPFM) was also done.  
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Figure 7-2. Lateral distribution of actin assembly on supported monolayers at different ionic conditions 
Figure 7-2. Lateral distribution of actin assembly on supported monolayers at 
different ionic conditions. Overlaid fluorescent images of RhoDOPE and phalloidin 
labeled actin filaments on supported monolayers and representative domain-tracking 
images at (A&C) 100 µM EDTA and (B&D) 1mM Ca2+. (E) Quantitative analysis of the 
mean phalloidin pixel intensities in Lo and Ld phases at different ionic conditions. 
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7-3 Ca2+-induced Perturbation in Demixed Monolayers 
7-3-1 Ca2+-induced Surface Pressure Change in Demixed Monolayers 
To characterize Ca2+-induced perturbation in phase-demixed monolayers, we first 
compare the Ca2+-induced surface pressure changes between cholesterol-free and 
cholesterol-containing membranes. Magnitudes of the surface pressure change of a 25 
mol% PIP2-containing monolayer in the presence of DChol in response to the addition of 
1 mM Ca2+ at a physiological monovalent salt concentration is nearly 70% larger 
compared to that in the absence of DChol (Figure 7-3 A). This difference suggests that 
Ca2+-induced PIP2 lateral re-organization is more profound in a DChol-containing 
membrane than in a DChol-free monolayer. The apparent Ca2+ affinity in binding to PIP2 
in DChol-free monolayers as determined by surface pressure measurements, however, is 
not statistically different from that in DChol-containing membranes (Figure 7-3 B). This 
result suggests that the incorporation of DChol does not perturb the surface potential of 
the membrane, as the Ca2+-binding is electrostatically-driven.  
7-3-2 Ca2+-induced Changes in Fluorescent PIP2 Phase Partitioning 
Since the structural information regarding Ca2+-mediated PIP2 lateral re-
organization that can be inferred from surface pressure measurements is limited, we 
investigated Ca2+-perturbed PIP2 phase partitioning using a fluorescent lipid probes: Rho-
DOPE and a fluorescent PIP2 analog (GloPIPs BODIPY-FL PIP2, C16). Lipid 
monolayers doped with both fluorescent probes were transferred onto clean coverslips 
using the Langmuir-Schaeffer method at a physiological monovalent salt concentration 
with different amount of Ca2+. Since Rho-DOPE has been reported as a Ld phase marker 
142, its distribution allows us to determine the phases and calculate the partition 
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coefficients as a ratio of PIP2 fluorescence intensities between Lo and Ld domains. As 
shown in Figure 7-3 C, the phase partitioning of fluorescent PIP2 is Ca2+-dependent, and 
Rho-DOPE, in contrast, is insensitive to Ca2+ throughout the concentration range tested. 
The fluorescent PIP2 favors Lo domains at a low Ca2+ concentration (~1 µM) and the 
contrast is inverted with an increasing Ca2+ concentration (Figure 7-3 C). The fluorescent 
PIP2 forms clusters that are trapped in the Lo domains at 100 µM Ca2+ (Figure 7-3 C, 
enlarged) and these clusters dissipate into the Ld background at even higher Ca2+ 
concentration.  
An oxidation artifact of the membrane cannot explain the unique changes in PIP2 
phase partitioning, although the contrast inversion of fluorescent PIP2 at low Ca2+ 
concentration becomes more evident when DTT is removed from the subphase (data not 
shown). Ca2+-induced changes are reversible, at least in partial, by adding EDTA. 
Leaving a free-standing monolayer exposed to the air for hours is not enough to trigger 
the changes in PIP2 phase partitioning.  
Similar experiments performed at a low ionic strength show a similar trend, 
except that instead of forming clusters that are trapped in the Lo domain and the rest 
dissipating into the Ld background, the fluorescent PIP2 forms clusters and accumulates at 
the edge of Lo domains at a low salt condition in the presence of Ca2+, as shown later in 
Figure 7-4 D. The net effect of Ca2+-induced perturbation to a demixed PIP2-containing 
monolayer is the same regardless of the buffer salinity: the fluorescent PIP2 is excluded 
from the Lo domain in the presence of Ca2+ and it lowers the partition coefficient. The 
fact that the Ca2+ concentration at a 50% change of PIP2 phase partitioning falls within 
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the same order of magnitude comparing to the KD determined from surface pressure 
measurements at the same condition (300 µM) suggests that the profound condensing 
effect in the presence of DChol (Figure 7-3 A) might be explained by the changes in PIP2 
phase partitioning. 
In order to provide a direct link between Ca2+-induced PIP2 nanoclusters and 
round disk-like structures under EM (Figure 7-1 C-E), an effort was made to correlate 
fluorescence and electron micrographs of a demixed supported monolayer in the presence 
of Ca2+. The correlated fluorescence and electron microscopy is achieved by transferring 
lipid monolayers onto glass coverslips with gold-patterned coverslips. Although the 
demixed supported monolayer was successfully imaged by creating a platinum replica for 
EM as shown in Figure 7-4 C, these domains appear to be not co-localized with the Lo 
domain found from fluorescence microscopy (Figure 7-3 A&B). Since the lateral 
structures of supported monolayers can be preserved up to days in air under room 
temperature, we rationalize our observations by suggesting that the supported monolayer 
went through a mild lipid re-organization upon platinum-coating since the coating 
process inevitably generates excess heat. Future studies might benefit from extra uranyl 
acetate staining steps since our preliminary studies show that uranyl acetate helps in 
preserving the lateral structure of the membrane. 
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Figure 7-3. Surface pressure measurements and the phase partitioning of fluorescent PIP2 in DChol-containing monolayers at physiological salt concentration 
Figure 7-3. Surface pressure measurements and the phase partitioning of 
fluorescent PIP2 in DChol-containing monolayers at physiological salt concentration. 
(A) Apparent Ca2+-affinity measurements through surface pressure titration. (B) The 
surface pressure drop induced by 1mM Ca2+ in DChol-containing and DChol-free 
monolayers. (inset) the time course of a surface pressure response of Ca2+. (D-F) Ca2+-
dependent phase partitioning of BODIPY-FL PIP2 in contrast to the Ca2+-insensitive 
partitioning of Rho-DOPE on supported lipid monolayers.  Subphase: 10 mM HEPES, 
150 mM KCl, 1 µM EDTA, 5 mM DTT, pH6.8. Scale bar: 20 µm. 
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Figure 7-4. Correlated fluorescence and electron microscopy of supported demixed monolayers in the presence of Ca2+-induced nanoclusters 
Figure 7-4. Correlated fluorescence and electron microscopy of supported demixed 
monolayers in the presence of Ca2+-induced nanoclusters. (A&B) Fluorescence 
micrographs of a demixed supported monolayers in the presence of Ca2+-induced PIP2 
clusters on a gold-patterned coverslip at two different channels and (C) overlaid electron 
micrograph of its platinum replica at the same location.   
7-4 Kelvin Probe Force Microscopy for Surface Potential Imaging    
To eliminate potential artifacts resulted from using fluorescent PIP2 analogs, we 
performed Kelvin Probe Force Microscopy (KPFM) for surface potential imaging. As a 
preliminary result, we show that the surface potential is much lower in the Lo phase 
compared to that in a Ld background in the absence of Ca2+ (Figure 7-5 C). This result is 
consistent with an earlier observation by fluorescence microscopy that PIP2 is enriched in 
Lo domains at low Ca2+ concentration (Figure 7-3 C). In the presence of 1 mM Ca2+, the 
surface potential difference between Lo domain and the Ld background is diminished 
(note that the color codes are different for Figure 7-5 C and E). Combining the results 
from fluorescence and surface potential imaging (Figure 7-5 D), we rationalize Ca2+-
perturbed changes in actin filament distribution as a result of Ca2+-induced exclusion of 
PIP2 from Lo phases. Ca2+-induced change in PIP2 partitioning is an interesting 
observation in membrane biophysics; whether this observation has any physiological 
relevance is a different issue and definitely worth more investigation.  
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Figure 7-5. Fluorescence microscopy coupled with topographical and surface potential imaging of supported monolayers at a low salt condition 
Figure 7-5. Fluorescence microscopy coupled with topographical and surface 
potential imaging of supported monolayers at a low salt condition. 25 mol% PIP2 and 
35 mol% DChol in a background DOPC labeled with 0.2 mol% BODIPY-FL PIP2 and 
0.1 mol% Rho-DOPE at 100 µM EDTA were imaged by (A) fluorescence microscopy, 
(B) tapping mode AFM, and (C) Kelvin probe force microscopy. (D-F) Same 
measurements with the same monolayer transferred at 1mM Ca2+. Subphase: 10 mM 
HEPES, 1 µM EDTA, 5 mM DTT, pH6.8. 
7-5 Ca2+-inhibited Monolayer Insertion of NtGSN 
In Chapter 5, we showed that the monolayer insertion of DrrA is biphasic: The 
first phase is due to a non-specific lipid-excluding penetration of the membrane while the 
second phase is resulted from a partial insertion of the protein following a PI(4)P 
headgroup specific binding. Whether this unique biphasic insertion is DrrA-specific due 
to its extraordinary PI(4)P-binding affinities (KD = 3.8 nM for 3 mol% PI(4)P-containing 
LUVs) or it is a shared feature is a matter of interest.  
As a preliminary result, we show that a biphasic insertion is also observed, 
although with a much lower magnitude, with NtGSN in 25 mol% PIP2-containing 
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monolayers (Figure 7-5). NtGSN is known to interact with PIP2 through two rather 
unstructured polybasic domains: P1 (G135-149) and P2 (G150-169), so NtGSN and DrrA 
therefore represent two different categories of PPI-binding proteins: proteins with 
specific binding pockets and those with unstructured polybasic primary structures. The 
fact that NtGSN also inserts to monolayer in a biphasic manner suggests that the biphasic 
insertion might be a common feature for both protein categories.  
Importantly, we show that the second phase of NtGSN insertion is abolished in 
the presence of 1 mM Ca2+ (Figure 7-5). This result is similar to what we discussed 
earlier in Chapter 5 that Ca2+ inhibits the phase II insertion of DrrA. These results suggest 
a scenario in which the membrane anchoring of GSN is Ca2+-sensitive and is reversed 
with an increased Ca2+ concentration. Although this scenario of GSN-PIP2 interaction is 
consistent with the picture that GSN is activated for actin severing in the presence of 
micromolar Ca2+, the physiological relevance of this observation should be examined in a 
closer detail. 
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Figure 7-6. Biphasic insertion of NtGSN in a monolayer containing 25 mol% PIP2 
Figure 7-6. Biphasic insertion of NtGSN in a monolayer containing 25 mol% PIP2. 
The monolayer insertion of NtGSN in the absence of Ca2+ is biphasic. The phase II 
insertion at a higher initial surface pressure regime is abolished in the presence of 1 mM 
Ca2+. Subphase: 10 mM HEPES, 150 mM KCl, pH6.8. 
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